DNA marker assisted selection for yield and quality traits in Italian ryegrass (Lolium multiflorum L.) by Vandewalle, Muriel
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Promotors:  Prof. dr. ir. Erik Van Bockstaele,  
                Department of Plant Production, FBW, UGent 
          Dr. ir. Jan De Riek 
        Institute for Agricultural and Fisheries Research (ILVO), Unit Plant
  
Dean FBW:  Prof. dr. ir. Herman Van Langenhove 
 
Rector UGent:  Prof. dr. Paul Van Cauwenberge
 
 
 
 
 
 
 
 
 
ir. Muriel Vandewalle 
 
 
 
 
 
DNA MARKER ASSISTED SELECTION FOR YIELD AND QUALITY  
TRAITS IN ITALIAN RYEGRASS (Lolium multiflorum L.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thesis submitted in fulfilment of the requirements for the degree of  
Doctor (PhD) in Applied Biological Sciences 
 
Dutch translation of the title:  
DNA MERKER GESTEUNDE SELECTIE VOOR OPBRENGST- EN KWALITEITS-
PARAMETERS BIJ ITALIAANS RAAIGRAS (Lolium multiflorum L.) 
 
 
 
French translation of the title:  
SELECTION ASSISTEE PAR MARQUEURS ADN POUR DES PARAMETRES DE 
RENDEMENT ET DE QUALITE CHEZ LE RAY-GRASS ITALIEN (Lolium multiflorum 
L.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To refer to the present thesis: 
Vandewalle M. 2007 DNA marker assisted selection for yield and quality traits in 
Italian ryegrass (Lolium multiflorum L.). PhD Thesis, Faculty of Bioscience 
Engineering, Ghent University 
 
 
 
 
ISBN-number: 978-90-5989-188-3 
 
 
 
 
 
The author and the promotors give the authorisation to consult and to copy parts of 
this work for personal use only. Every other use is subject to the copyright laws. 
Permission to reproduce any material contained in this work should be obtained from 
the author. 
 
Acknowledgments 
 
 
In which language should I write my acknowledgments? Most of my colleagues did it 
in their mother language. Thus, I should do it in French, because, as everybody can 
hear it, I am native French speaking. But then some of you would not understand and 
I would also fear to make spelling mistakes: French is so difficult at writing…. So I 
decided to write it in English like the rest of this thesis. 
Even though my Dutch was not yet very good I got the chance of working at ILVO-
Plant- Applied Genetics and Breeding (still then called CLO-DvP) in Melle. However, 
the director, Erik Van Bockstaele, told everybody that for one year, one should only 
speak Dutch to me: nothing but normal and very efficient at improving my Dutch. 
After that year I discovered that many of my colleagues spoke quite good French... 
So, I am a French speaking person from the south part of Belgium called “Wallonie” 
making a PhD in a university of the Flemish community of Belgium. This starts to be 
unusual: exchanges between universities form the different communities of Belgium 
is much more difficult than between universities from different European countries, I 
know something about it! And so, I am a “wallonne” working for the Flemish 
government. That is, in the federated Belgium of today, totally unusual and quite 
interesting to many people. I must say that even if, from time to time, I hear some 
“spicy” words about Wallonie (hey, Laurence!) I enjoy having one foot in the Flemish 
part of Belgium. In my opinion, it happens way too few in the federated Belgium of 
today and the different communities of Belgium do not enough know each other 
anymore.  
So, after working one year at the University of Gembloux on plant pathology, I started 
working at ILVO in the ryegrass breeding. It was quite surprising, as during my first 
botanic exam I had not been able to give a name to the grass I was shown (perennial 
ryegrass). This, I did not mention at my interview… Half of my time has been 
dedicated to the conventional breeding of Italian ryegrass and the other half to my 
PhD dealing with the same species. This was an interesting combination since it 
enabled me to learn about the reality and particularities of the ryegrass breeding 
which I had to take into account in the molecular marker project. My first thanks go to 
Erik Van Bockstaele for allowing me to make this research work. A PhD project in 
relation to plant breeding can not easily be achieved in the normal four years term. 
Thanks to Erik I got the chance to pursue the experiments for a longer period of time. 
 
During the whole project period, I could count on the support of Jan De Riek and 
Joost Baert. Jan has been a guide to me in the execution of the laboratory 
manipulations and in the computational work. Joost was my guide in understanding 
the plant I was dealing with and in planning and executing the field experiments. I 
would like to gratefully thank them both for their efficacy and open minding. 
This work dealing with a large number of plants could not be achieved without the 
help I got from people working in the laboratory and on the field at ILVO. At certain 
times when a deadline for out-planting of plants had to be respected, the stress has 
been very high. Therefore I express a special thank to the technicians in the lab: 
Veerle B., Veerle C., Carina and Laurence. Another special thank goes to Evelien for 
her dedicated contribution in the data analysis, mapping and QTL analysis. For the 
different field experiments I could rely on the team from the fodder grass breeding, 
namely An, Sonja, Katrien, Katleen, Raoul, Kurt, Luc G., Luc D., Hubert and Marc. 
My heartfelt thanks to all of them for taking care of my plants with such an expertise. 
I thank also Chris Van Waes from the Department for Crop Husbandry and 
Environment of ILVO for the quality analysis he performed on the thesis material. 
Also, thanks to Thieu Pustjens and Henk Van der Aa from the company Advanta 
Seeds B.V., the final material could be tested at two locations. 
I would like to thank my desk colleagues An, Fabienne and Hilde for their useful 
advices and support and for the pleasant working atmosphere. I hope we will have 
some more pleasant working years together in our renewed interior… Thanks also to 
Isabel and Rebecca for the corrections they brought at the final document, as well as 
to the other colleagues I might have forgotten and who contributed from far or close 
to this thesis. 
Finally I thank the jury members for their interest in this work, for their useful remarks 
and their constructive critics. My thanks to ir. Joost Baert, dr. Philippe Barre, prof. dr. 
Wout Boerjan, prof. dr. Mervyn Humphreys, prof. dr. ir. Dirk Reheul (secretaris), prof. 
dr. ir. Walter Steurbaut (voorzitter), ir. Stefan van der Heijden and dr. ir. Marnik 
Vuylsteke. 
I could not end up without thanking my family and friends who were present around 
me through all these years. Thanks to Thierry for his sometimes necessary moral 
support and for the confidence he placed on me. A special thought goes to Eva and 
Toine who sometimes had to be patient when I was not much available for them. 
 
 
TABLE OF CONTENT 
 
LIST OF ABREVIATIONS 
SUMMARY 
SAMENVATTING 
 
CHAPTER 1 GENERAL INTRODUCTION           1 
1.1. Grasslands                1 
1.2. Ryegrasses                2 
1.3. Breeding of ryegrass              3 
1.4. Molecular breeding in ryegrasses            7 
1.5. QTL analysis in ryegrasses           10 
1.6. Rationale and objectives of the current study        11 
Thesis outline              12 
CHAPTER 2 STUDY OF YIELD AND QUALITY TRAITS                             
IN F1-POPULATIONS             15 
Objectives               15 
2.1. Introduction             16 
2.1.1. Digestibility             17 
2.1.2. Water-soluble carbohydrates          20 
2.1.3. Crude protein content           23 
2.1.4. Yield              25 
2.1.5. Interaction between parameters          27 
2.1.6. Evaluation of forage quality parameters         29 
2.2. Material and methods            30 
2.2.1. Selection of plant material           30 
2.2.2. Greenhouse growth           32 
2.2.3. Field test             32 
2.2.4. Analysis of quality traits           34 
2.2.5. Data analysis            35 
2.3. Results and discussion            36 
2.3.1. Self-pollination in ryegrasses          36 
2.3.2. Analysis of the phenotypic data          38 
2.3.3. Maternal effect of the seed parent         45 
2.3.4. Correlation between the studied traits         45 
2.3.5. Correlation with other observed traits          48 
 
2.3.6. Selection and self-pollination of elite F1-genotypes       49 
2.4. Conclusions             50 
CHAPTER 3 FINGERPRINTING AND SEGREGATION ANALYSIS     53 
Objectives               53 
3.1. Introduction             54 
3.1.1. Molecular marker techniques          54 
3.1.1.1. RFLPs            54 
3.1.1.2. RAPDs            55 
3.1.1.3. AFLPs            55 
3.1.1.4. SSRs            56 
3.1.1.5. STSs            58 
3.1.1.6. ESTs            59 
3.1.2. Segregation analysis           60 
3.2. Material and methods            61 
3.2.1. Plant material            61 
3.2.2. DNA isolation            62 
3.2.3. AFLP reactions and analysis          62 
3.2.4. STS reactions and analysis          64 
3.2.5. SSR reactions and analysis          66 
3.2.6. Segregation analysis           68 
3.3. Results and discussion            69 
3.3.1. Identification of self-pollinated plants          69 
3.3.2. AFLP analysis            70 
3.3.3. STS analysis            71 
3.3.4. SSR analysis            72 
3.3.5. Segregation analysis            73 
3.3. Conclusions             77 
CHAPTER 4 LINKAGE MAP CONSTRUCTION        79 
Objectives                79 
4.1. Introduction             79 
4.1.1. What are genetic linkage maps?          80 
4.1.2. Linkage map construction           81 
4.1.3. Linkage mapping in outbreeding species        84 
4.1.4. Linkage mapping in ryegrasses          84 
4.2. Material and methods            87 
4.2.1. Generation of marker data           87 
4.2.2. Linkage analysis and map construction         88 
4.3. Results and discussion            89 
4.3.1. Linkage grouping            89 
4.3.2. Mapping results            90 
4.3.3. Characteristics of the linkage maps         99 
 
4.3.4. Genome coverage            99 
4.3.5. Alignment of generated linkage maps and other published  
maps in Lolium              100 
4.4. Conclusions            102 
CHAPTER 5 QTL ANALYSIS         107 
Objectives             107 
5.1. Introduction           107 
5.1.1. Detection of quantitative trait loci        107 
5.1.2. Principle of QTL analysis         108 
5.1.3. Methods for the estimation of associations between  
markers and traits           110 
5.1.3.1. Single-marker methods        110 
5.1.3.2. Simple interval mapping        110 
5.1.3.3. Multiple QTL mapping methods       111 
5.1.3.4. Interpretation of interval mapping results     112 
5.1.4. QTL analysis in ryegrasses        113 
5.1.5. QTLs for yield and quality traits         115 
5.2. Materials and methods          116 
5.2.1. Input            116 
5.2.2. QTL analyses          117 
5.2.3. Phenotypic variance explained and percentage effect value    118 
5.3. Results and discussion          119 
5.3.1. Kruskal-Wallis analysis         119 
5.3.2. Simple interval mapping         119 
5.3.3. Identifications of markers associated to QTL      120 
5.3.4. Phenotypic variance explained and percentage effect value    121 
5.3.5. Localisation of QTL associated markers on linkage maps    122 
5.3.6. Function of identified STS associated markers      129 
5.3.7. Comparison to QTL analysis using integrated parental maps   129 
5.3.8 Comparison to QTL analysis using map of the second  
mapping round          130 
5.3.9. Restricted MQM analysis         130 
5.3.10.Combination of results of all analyses performed for population C1   131 
5.4. Conclusions           132 
CHAPTER 6 MARKER ASSISTED SELECTION AND EVALUATION   135 
Objectives             135 
6.1. Introduction           136 
6.1.1. Use of QTL markers in breeding        136 
6.1.2. MAS for forage grasses         137 
6.1.3. MAS with QTL markers         138 
6.2. Material and methods          138 
6.2.1. Strategy           138 
 
6.2.2. Description of the S1-populations       140 
6.2.3. Markers applied for MAS         140 
6.2.4. Fingerprinting of the S1-genotypes       141 
6.2.5. Method for MAS in the S1-populations       142 
6.2.6. Intercrossing of selected genotypes and multiplication    144 
6.2.7. Evaluation of the compositions        145 
6.3. Results and discussion          148 
6.3.1. Fingerprinting of the S1-genotypes       148 
6.3.2. MAS in the S1-populations        148 
6.3.3. In silico MAS in the F1-populations       150 
6.3.4. Intercrossing of selected genotypes and multiplication    153 
6.3.5. Analysis of variance of the yield and quality trait trial     153 
6.3.6. Mean values of traits         155 
6.3.7. Coefficient of variation         156 
6.3.8. Correlation between traits         157 
6.3.9. Results of the MAS compositions       158 
6.3.10.Analysis of the MAS performance       162 
6.4. Conclusions           163 
CHAPTER 7 GENERAL CONCLUSIONS AND PERSPECTIVES   167 
7.1. General conclusions          167 
7.1.1. Yield and quality determination        167 
7.1.2. Fingerprinting and map construction       169 
7.1.3. QTL analysis          170 
7.1.4. MAS and evaluation         171 
7.2. Future objectives and perspectives        174 
 
APPENDIX 
REFERENCES 
CURRICULUM VITAE 
 
 
 
 
 
 
LIST OF ABBREVIATIONS  
 
AFLP Amplified Fragment Length Polymorphism 
ATP Adenosinetriphosphate 
bp Base pairs 
BC Backcross 
BSA  Bulk Segregant Analysis 
CAPS Cleaved Amplified Polymorphic Sites 
cDNA Complementary DNA 
CIM Composite Interval Mapping 
cM Centimorgan 
CP Crude Protein content (of dry matter) 
CTAB N-cetyl-N,N,N-trimethylamoniumbromide 
DIAS Danish Institute of Agricultural Sciences 
DM Dry matter content 
DMD Dry Matter Digestibility 
DMY Dry Matter Yield 
DH Doubled Haploid 
DLF-Trifolium Danish international grass seed organisation 
DTT Dithiothreitol 
DUS Distinction, Uniformity and Stability 
EDTA Ethylene Diamine Tetraacetic Acid 
EST Expressed Sequence Tag 
F Forward 
GRASP European framework V project for the development of ryegrass  
  allele-specific markers for sustainable grassland improvement 
HD Heteroduplex 
IGER Institute for Grassland and Environmental Reasearch (UK) 
ILGI International Lolium Genome Initiative 
ILVO Instituut voor Landbouw- en Visserijonderzoek (Institute for  
 agricultural and fisheries research) 
SIM Simple Interval Mapping 
INRA Institut National de Recherche Agronomique (France) 
KW Kruskal-Wallis  
LD Linkage Disequilibrium  
LG Linkage Group 
LOD Logarithm of the Odds 
MAS Marker Assisted Selection 
mRNA Messanger RNA 
MQM Multiple QTL mapping 
NIAB National Institute of Agricultural Botany 
NIRS Near Infrared Reflectance Spectroscopy 
 
PAA Polyacrylamide 
PC Primer Combination 
PCR Polymerase Chain Reaction 
QTL Quantitative Trait Loci 
r Correlation coefficient 
R Reverse 
RAPD Random Amplified Polymorphic DNA 
REC Recombination frequency 
RFLP Restriction Fragment Length Polymorphism 
RIL Recombiant Inbred Line 
rMQM restricted Multiple QTL mapping 
SCARS Sequence Characterized Amplified Regions 
SNP Single Nucleotide Polymorphism 
SSCP Single Strand Conformation Polymorphism 
SSR Simple Sequence Repeat 
STS Sequence Tagged Site 
TBE Tris-borate-EDTA buffer 
Th Hybridization temperature 
CV Coeffient of Variation 
WSC Water-Soluble Carbohydrate content (of dry matter) 
 
 
 
SUMMARY 
 
Ryegrasses are among the most important forage grasses. Nearly all the genetic 
variation in the major agronomical traits, such as yield and forage quality, is 
quantitative; very few major genes that regulate these traits have been identified. 
Breeders must largely rely on QTLs with small individual effects for genetic 
improvements. Even though QTL markers associated to several agronomic traits 
have been published in ryegrasses and related species, these investigations have 
not been extended beyond the step of QTL identification. The main objective of the 
present study was to investigate the application of MAS for complex quantitative 
traits in the highly heterogeneous and heterozygous species, ryegrass. Traits chosen 
for investigation were dry matter yield (DMY), dry matter digestibility (DMD), water-
soluble carbohydrate content (WSC) and crude protein content (CP). Four mapping 
populations of Italian ryegrass (Lolium multiflorum L.) of approximately 100 F1-
progeny were generated from pair-crosses between non-related individuals of high 
agronomical value. This choice aimed at being closer to the real situation of breeding 
programmes. A specific selection scheme was elaborated in which MAS was 
performed in self-pollinated populations (S1-populations) derived from the 
segregating F1-populations. 
The results of the phenotyping on individual F1-plants were generally in accordance 
with published data for the traits. This indicated that the methods used for 
determination of the traits were reliable. AFLPs, STSs and SSRs markers were used 
for the linkage map construction. The length of the maps ranged from 689 to 925 cM. 
The maps of the different populations were aligned to each other and to several other 
published Lolium maps; a consensus map of the four maps was calculated. The QTL 
analysis combined the KW test and SIM (MapQTLv.4.0). The results indicated that 
several genome regions were involved in each of the studied traits, and in most 
cases, major QTLs could be identified. The individual markers identified as 
associated to a trait explained from 9.7 to 40.0% of the phenotypic variation of the 
traits. On average for the four populations, the number of markers linked to total 
DMY, mean CP, mean WSC and mean DMD were 5.5, 6, 10 and 10, respectively. 
They explained 14.6, 17.2, 14.8 and 17.9% of the variation, respectively. Some 
 
markers linked to multiple traits were identified, especially for DMD and WSC. Major 
QTLs were identified for DMY and CP mainly on LG4; for WSC mainly on LG2, LG3 
or LG7; and for DMD on either LG2, LG3, LG4, LG6, LG7, LG(8) or LG(9). Significant 
differences between populations appeared. The associated markers were in most 
cases different. For some QTLs, similarities for their location were observed between 
populations and with published studies. 
Several of the eight MAS compositions (DMY+, DMY-, CP+, CP-, WSC+, WSC-, CP+ 
and CP-) scored better than the references and the classical breeding compositions 
in the yield and quality trials. However, the MAS groups did not necessarily rank as 
expected. For most traits, no significant differences were found between the 
phenotypic scores of the positive and negative selections, and in many cases the 
negative selections revealed even better phenotypic scores than the positive 
selections. Significant differences were observed between the two experiment 
locations. Overall, WSC and DMD had the best response to MAS.  
Different possible explanations for these results were identified. In the first place, the 
effectiveness of the QTL markers identified can be questioned. The selection of only 
elite F1-genotypes as parents of the S1-populations probably narrowed the possibility 
of generating a heterosis effect in the MAS. The nature of most of the associated 
markers (AFLPs) or the presence in the S1-populations of allelic combinations 
absent at the F1-level probably influenced the selection for specific marker alleles. 
After self-pollination and recombination, the favourable linkages and positive allelic 
interactions at QTL positions for the different traits seemed to be ‘broken’. Some 
epistatic effects not present at the F1-level might have skewed the results of the MAS 
compositions, as well as the difference in environmental conditions between the 
observation on individual plants and the later evaluation in plots. 
The gain obtained by MAS was not as expected and no significant heterosis effect 
was generated. The opportunity to apply MAS for such complex traits from a whole 
season of observations in a species like ryegrass could be questioned, but further 
investigations would be necessary to conclude on this. However, the study delivered 
valuable material and interesting results, and many points are worth validating and 
further investigated. 
 
 
SAMENVATTING 
 
Raaigrassen behoren tot de belangrijkste voedergrassen. Het merendeel van de 
genetische variatie in landbouwkundig belangrijke kenmerken zoals opbrengst en 
voederkwaliteit is kwantitatief; slechts een beperkt aantal genen met een belangrijke 
impact werden tot nu toe geïdentificeerd. Veredelaars die streven naar genetische 
verbetering van het gewas voor deze kenmerken moeten terugvallen op QTLs met 
slechts een beperkt afzonderlijk effect. Hoewel er QTLs en merkers, geassocieerd 
met verschillende landbouwkundige kenmerken, beschreven zijn in raaigrassen en 
gerelateerde soorten, gaat dit vaak niet verder dan het beschrijven ervan. De 
belangrijkste doelstelling van dit onderzoek was dan ook het nagaan van het gebruik 
van MAS voor complexe kwantitatieve kenmerken in een bijzonder heterogeen en 
heterozygoot gewas zoals raaigras. De kenmerken, waarnaar het onderzoek zich 
richtte, waren: drogestof opbrengst (DMY), drogestof verteerbaarheid (DMD), gehalte 
aan wateroplosbare koolhydraten (WSC) en gehalte aan ruw eiwit (CP). Vier 
paarkruisingen tussen niet-gerelateerde individuele planten van Italiaans raaigras 
(Lolium multiflorum L.), met een hoge landbouwkundige waarde, resulteerde in vier 
kruisingspopulaties, met elk een F1-nakomelingschap van ongeveer 100 planten. 
Deze optie werd genomen om zo beter de praktijk van een veredelingssituatie te 
benaderen. Een specifiek selectie schema werd uitgewerkt, waarbij MAS werd 
toegepast op S1-populaties, welke gecreëerd zijn door zelfbestuiving van individuele 
planten uit de uitsplitsende F1-populaties.  
De resultaten van de fenotypische analyse op individuele F1-planten waren over het 
algemeen in lijn met wat in de literatuur geciteerd wordt. Dit wijst erop dat de 
gebruikte analysemethoden betrouwbaar waren. Koppelingskaarten met AFLP, STS 
en SSR merkers werden voor iedere populatie gemaakt. De lengte van de kaarten 
varieert van 689 tot 925 cM. De kaarten berekend op de verschillende populaties 
werden met elkaar en met verschillende gepubliceerde genetische kaarten voor 
Lolium gealigneerd; een consensus kaart werd eveneens berekend. Voor de QTL 
analyse werd de KW-test met SIM (MapQTLv.4.0) gecombineerd. De resultaten 
duidden aan dat verschillende genoomregio’s betrokken waren bij elk van de 
bestudeerde kenmerken, en dat in de meeste gevallen, QTLs met een beduidend 
 
effect konden afgelijnd worden. De individuele merkers, geassocieerd met een 
kenmerk, verklaarden 9.7 tot 40.0% van de fenotypische variatie van het betreffende 
kenmerk. Gemiddeld genomen voor de vier populaties bedroeg het aantal 
gekoppelde merkers met totale DMY, gemiddelde CP, gemiddelde WSC en 
gemiddelde DMD respectievelijk 5.5, 6, 10 en 10. Zij stonden in voor 14.6, 17.2, 14.8 
en 17.9% van de verklaarde variatie. Een aantal merkers, gekoppeld met 
verschillende kenmerken, werden geïdentificeerd, in het bijzonder voor DMD en 
WSC. De belangrijkste QTLs voor DMY en voor CP kwamen hoofdzakelijk voor op 
LG4, voor WSC voornamelijk op LG2, LG3 of LG7 en voor DMD op LG2, LG3, LG4, 
LG6, LG7, LG(8) of LG(9). Er werden duidelijke verschillen tussen populaties 
waargenomen. Voor enkele QTLs, werden gelijkenissen gevonden tussen de 
bestudeerde populaties onderling of met gepubliceerde QTL studies. 
In de opbrengst- en kwaliteitsbepalingen scoorden verschillende van de acht MAS 
composities (DMY+, DMY-, CP+, CP-, WSC+, WSC-, CP+ en CP-) beter dan de 
referenties en beter dan de volgens de klassieke veredeling samengestelde 
composities. Echter, MAS composities werden niet noodzakelijk in de verwachte 
volgorde gerankschikt. Voor de meeste kenmerken konden er geen significante 
verschillen waargenomen worden tussen de fenotypische scores van de positieve en 
de negatieve selecties; in veel gevallen scoorden de negatieve selecties zelfs beter 
dan de positieve. Tevens werden tussen de twee testlocaties significante verschillen 
waargenomen. Over het algemeen vertoonden WSC en DMD de beste respons voor 
MAS. 
Er zijn verschillende verklaringen mogelijk voor deze wat ambigue resultaten. 
Vooreerst kunnen de gebruikte QTL merkers en hun relatief hoog aantal in vraag 
gesteld worden. De selectie van elite F1-planten als ouders van de S1-populaties 
kan met een zekere waarschijnlijk de mogelijkheid tot heterosis effecten beperkt 
hebben. De aard van de meeste geassocieerde merkers (AFLPs) of de 
aanwezigheid in de S1-populaties van allelische combinaties die afwezig waren op 
het F1-niveau, hebben misschien de selectie voor specifieke merker allelen 
beïnvloed. Na zelfbestuiving en recombinatie lijken de gunstige koppelingen en de 
positieve interacties tussen allelen op QTL posities voor de verschillende kenmerken 
‘verbroken’ te zijn. Ook kunnen epistatische effecten die niet voorkwamen op het F1-
niveau de resultaten van de MAS composities verdraaid hebben. De resultaten 
 
kunnen ook vertekend zijn door verschillen tussen waarnemingen op individuele 
planten versus de latere evaluatie in veldjes onder andere milieu omstandigheden. 
De winst verkregen door MAS was niet zoals verwacht en er kon geen significant 
heterosis effect gegenereerd worden. De voordelen van het gebruik van MAS voor 
zulke complexe kenmerken, gebaseerd op observaties over het hele groeiseizoen in 
een gewas zoals raaigras kan in vraag gesteld worden, maar verder onderzoek is 
nodig om deze conclusie echt te staven. Daarentegen leverde het onderzoek 
waardevol materiaal en interessante gegevens op; vele openliggende vragen zijn het 
zeker waard om verder onderzocht en gecontroleerd te worden. 
 
  
General introduction 
 
 
CHAPTER 1 
GENERAL INTRODUCTION 
 
 
1.1. Grasslands 
The main role of grasslands in temperate agriculture is to provide low cost feed for 
cattle and other ruminants. Grasslands are used primarily for grazing, but in many 
regions, cuts are performed for silage or hay production. In addition, grassland 
farming has, in general, positive effects on the environment and the landscape, 
preventing soil erosion and improving soil fertility (Wilkins and Humphreys, 2003). In 
2000, 17% (64.320.000 ha) of the total land area of Europe (the 25 member states of 
the European Union of today) was covered by pastures (http://www.fao.org/statistics/ 
yearbook/vol_1_1 /index.asp, June 2007). In Belgium, in 2004, grasslands covered 
43% of the useful agricultural area, while temporary grassland accounted for 
approximately 1/8 of this percentage (National Institute of Statistics of Belgium, 
http://statbel.fgov.be/port/agr/, June 2007). 
Temperate grasslands are predominantly composed of grasses, but other species 
such as forage legumes are often present. The forage grasses include various 
species such as ryegrasses (Lolium spp.), fescues (Festuca spp.), smooth 
bromegrass (Bromus inermis Leyss.), orchardgrass also named cocksfoot (Dactylis 
glomerata L.), timothy (Phleum pratensis L.) and reed canary grass (Phalaris 
arundinacea L.). Ryegrasses are the dominant forage grasses in north-western 
Europe and New Zealand, and in the temperate regions of Japan, Australia, South 
Africa and South America. In Europe, they account for more than 50 % of the annual 
grass seed production (European Commission 2004). Perennial ryegrass (Lolium 
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perenne L.) is by far the most important in terms of both seed sales and land area 
covered in north-western Europe. In the USA, the most important species are tall 
fescue (Festuca arundinaceae Schreb.) and perennial ryegrass but many other 
species are used depending on the regional conditions (Wilkins and Humphreys, 
2003; Wang et al., 2001). 
1.2. Ryegrasses 
Ryegrasses belong to the family Poaceae (Gramineae) which is the fourth largest 
plant family containing about 10,000 species. The genus Lolium (subfamily Pooideae 
and tribe Poeae) contains eight species. Ryegrasses are cool-season bunchgrasses 
native to Europe, temperate Asia and North Africa. High digestibility and palatability 
in comparison to other grass species are responsible for their high value in dairy and 
sheep forage systems. However, they are not adapted to regions with high stress 
conditions (cold or drought), where other grass species are preferred (Balasko et al., 
1995; Hannaway, 1999 a, b; Wang et al., 2001). 
Perennial ryegrass is used mainly for forage but also for amenity. It is the persistent 
type of ryegrass with relatively good tolerance to drought and winter stress and with 
high yield and fast establishment potentials. Italian ryegrass (figure 1.1) is mainly 
used for short-term leys of one or two years. It is used for hay and silage making or 
as green manure and ground cover during the winter to prevent soil erosion and 
nutrient  losses.  It has  a  lower  persistence  and  stress  tolerance   than   perennial  
 
                          
Figure 1.1: Illustrations of Italian ryegrass: an isolated plant in vegetative stadium and ears at 
the time of flowering 
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ryegrass but a higher yield potential and a faster ground cover. The two species can 
be distinguished by inspecting the leaves (folded in the bud for L. perenne, while 
rolled for L. multiflorum) or the seed (awnless spikelets for L. perenne, while with awn 
for L. multiflorum). Presence (L. multiflorum) or absence (L. perenne) of fluorescent 
roots in the primary seedling assessed under UV light can also give an indication for 
species distinction. However, L. perenne varieties may contain a small percentage of 
fluorescent roots. The test is a tool for classification of varieties but is not an official 
criterion of variety DUS (Distinctness, Uniformity and Stability) testing. Another main 
difference resides in the intensity o with Italian ryegrass producing a 
higher proportion of reproductive tillers than L. perenne. Despite their morphological 
differences, L. perenne and L. multiflorum cross easily. The resulting hybrid, L. x 
boucheanum Kunth. (also called L. x hybridum Hausskn.), is fertile and presents 
intermediate features for persistence and yield (Balasko et al., 1995; Hannaway, 
1999 a, b; Wang et al., 2001). L. multiflorum westerwoldicum is a subspecies 
(sometimes described as a group or ecotype) of L. multiflorum with very high yield 
potential in the first cut but with a very low persistence. Its use as forage grass is also 
 require vernalisation and long days (thermo-photoperiodic 
moved towards reducing the economic and environmental costs of animal production 
f flowering, 
rummore limited. Except for L. multiflo  westerwoldicum, which heads the year of 
sowing, ryegrasses
requirement) for the production of reproductive tillers. Vegetative propagation of 
plants by separation of tillers is possible (Balasko et al., 1995; Hannaway, 1999 a, b; 
Wang et al., 2001). 
In nature, ryegrasses are normally diploids (2n = 2x = 14), but both diploid and 
tetraploid forage varieties have been commercialised. Tetraploids are induced by 
treatment of seedlings or meristems with chemicals such as colchicine. In addition, 
sexual tetraploids (or meiotic tetraploids) can be obtained by using 2x - 4x interploidy 
crosses where unreduced gametes result in 4x seeds on the 2x parents. However, 
even in isolation cells, the probability to obtain such meiotic tetraploids is very low 
(Lamote et al., 2002). 
1.3. Breeding of ryegrass 
The main objective of forage breeding in temperate regions has long been to 
increase animal production per unit area. Since the 1980s, the ultimate goal has 
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from grasslands (Wilkins and Humphreys, 2003). However, direct estimations of the 
efficiency of animal production and environmental impacts during breeding and 
variety assessment are impractical and measurements will vary with the animal 
production system and the circumstances on an individual farm. Other difficulties 
reside in the extrapolation from assessments at the individual spaced plant level to 
the value of the derived cultivar, or, similarly, from the value of a cultivar in a pure 
mmon are crown rust, stem rust, brown rust, leaf spot and 
bacterial wilt. Variety with high nitrogen use efficiency is another important objective. 
 ruminants includes breeding for better dry matter 
digestibility, high dry matter content, high content of water-soluble carbohydrates or 
 factor in ryegrass 
breeding. L. perenne and L. multiflorum are cross-pollinators. Like most grasses, they 
stand to its behaviour in mixed culture (Van Bockstaele, 1999). 
Specific breeding objectives in ryegrass are numerous. Persistency and tolerance to 
environmental stresses are important criteria, especially for perennial ryegrass. 
Breeding for disease resistant varieties is a component of all improvement programs, 
since variety registration for most national variety lists requires the evaluation of 
resistance to some of these diseases. Ryegrasses are susceptible to different 
diseases; the most co
Improving the nutritive value for
reduced fibre content. Also, the crude protein content and the presence of alkaloid 
toxins (endogenous or due to endophytic fungi) influence the feeding quality. Up to 
now, only dry matter digestibility is measured in official variety tests of few European 
countries. Seed yield is another trait to take into account, as it will influence the 
commercialisation costs (Van Bockstaele and Baert 2004; Wilkins and Humphreys, 
2003). The simultaneous improvement for all these traits is difficult and time-
consuming, and is complicated by the fact that most of these are multigenic, 
complicated traits showing continuous additive variation and relatively low heritability. 
The reproductive system is also an important complicating
are highly, though not completely, self-incompatible species (Fearon et al., 1983 b). A 
gametophytic self-incompatibility system, controlled by two multi-allelic loci 
designated S and Z, has been identified in Lolium species (Cornish et al., 1979; 
Fearon et al., 1983 a). Thorogood et al. (2005) and Van Daele (2005) identified some 
loci responsible of partial self-compatibility in L. perenne. Self-fertilisation and 
inbreeding lead to strong inbreeding depression with reduced growth rate, dry matter 
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yield and seed set (Wilkins and Humphreys, 2003). This self-incompatibility system 
prevents the efficient breeding through inbred lines and hybrids for ryegrasses. 
Consequently, the preferred method of ryegrass improvement is based on recurrent 
selection strategy. It consists of repeated cycles of selection; each cycle involves the 
evaluation of a population of plants, identification of a subset of superior genotypes 
and intercrossing of the selected plants (polycross). Usually, the initial phenotypic 
selection on individual spaced plants is followed by further evaluation of the best 
plants as multiple clones. Superior clones are selected, grouped in function of their 
morphological characters and crossed in all possible combinations. Progeny tests are 
then performed and subsequently varieties are constructed and evaluated. The 
number of clones combined in a synthetic should be sufficient to keep inbreeding to a 
minimum and guarantee a uniform, stable variety (Van Bockstaele and Baert, 2004). 
As an illustration of this method, figure 1.2 shows the general scheme of the breeding 
of ryegrass at Institute for agricultural and fisheries research, Unit PLant (ILVO-
Plant). The recurrent method is an effective way of accumulating desirable genes in 
an out-breeding gene pool while keeping uniform cultivars. Synthetic varieties 
generated in such way are genetically heterogeneous populations composed of 
highly heterozygous individuals, with a high degree of developmental buffering 
capacity (Humphreys, 2001). 
However, selection for plot performance takes place only after 6 to 8 years 
(depending on the species), rendering a low selection intensity. Therefore, variants of 
this basic scheme have been (and are continuously) tested to shorten the cycle and 
to improve the selection efficiency. Some breeders have incorporated full-sib or half-
sib family selection into their recurrent breeding to increase direct selection for plot 
performance. The main limitation is the number of families that can be evaluated at 
each generation (Wilkins and Humphreys, 2003). Tetraploidisation has been used to 
increase dry matter yield but tetraploid varieties are less persistent than diploid ones. 
Other approaches, which exploit heterosis effects, cytoplasmic male sterility, gene 
introgression or interspecific crosses have been evaluated in ryegrasses but have led 
to limited application for effective variety creation up to now (Wilkins and Humphreys, 
2003). 
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Figure 1.2: Illustration of the different steps of a recurrent selection method applied for the 
breeding of ryegrass. * The numbers of years are approximate and might vary; years 
between brackets indicate the Italian ryegrass scheme, while the years without brackets 
indicate the perennial ryegrass scheme. Based on Frandsen (1948), and adaptations of 
Reheul and Baert (personal communication) and of Van Bockstaele and Baert (2004) 
 
cultivars and e
General scheme of the breeding of ryegrass at ILVO-Plant 
Year * cotypes breeding populations natural pastures
tetraploidisation 
0 (0) starting population 
1 (1) artificial rust infection  
1-3 (1-2) spaced plants  
4-6 (3-4) clones 
pair-crosses or topcrosses 7 (5) polycross (3-20 components) 
multiplication 8-10 (6-7) progeny test  
11 (8) synthetic mass selection 
15-17 (11-13) official trials  
1/3 
1/10 
1/4 - 1/5 
tests
clone nursery 
12-14 (9-10) multiplication 
commercial production
18 (14) 
multiplication
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The breeding of forages has successfully  
variation and has relied on uncomplicated selection, variety synthesis and seed 
production systems. Over the last 50 years, great advances were made in cultivar 
development (Hayward, 2001). Howev mos the 
accumulation of additive gene effects, with little exploitation of non-additive genetic 
variation associated with heterosis (Humphreys, 2001). The potential for further 
improvements is therefore enormous and a large proportion of useful genetic 
variation within and between forage g till available for utilisation 
(Wilkins and Humphreys, 2003). As in many other fields, decision support systems, 
mathematical models and computer pr eveloped and play an 
increasing role. In addition, the potential of technology and molecular breeding in 
the development of improved forage varieties has been recognised (Casler, 2001; 
Wang et al., 2001). 
1.4. Molecular breeding in rasses 
The development of rasses h ose 
of the major cereal crops (Humphreys and Abberton, 2004). First reason is that, 
d eir impo  grasse mically le han staple 
crop species such as maize, rice or wheat. Secondly, the difficulty associated with 
the development of ready-to-use DNA-marker approaches in a given crop is highly 
dependent on the nature of the crop and the breeding scheme. Considering these 
aspects, out-breeding species and polyploids are without doubt good examples of 
complex species. For example, the development of a DNA-marker system for cultivar 
identification is much easier in a crop mark 1-hybrid (e.g. maize, a hybrid 
cultivar is then one genotype) than in a highly heterogeneous synthetic variety, like 
ryegrass varieties (Roldán-Ruiz et al., 2005). The facts that grasses are usually out-
breeders have made the development and linkage mapping 
forage 
rass species such as fescues, developments have been less important but work is 
progressing (Smith et al., 2005). 
 exploited naturally occurring genetic
er, breeding has tly relied on 
rass species is s
ograms are being d
 bio
 ryeg
molecular tools in forage g as long lagged behind th
espite th rtance, forage s are econo ss valuable t
eted as an F
 of molecular tools 
software more complicated than in other species. Considerable progress has been 
made in recent years, generating in a relatively short time, a large increase in the 
available information on the genomic location of genes controlling key traits in forage 
species. This was predominantly achieved in ryegrass species, while in other 
g
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DNA marker technology is an important tool for molecular breeding. A DNA marker is 
a short piece of DNA from any part of the genome of a species that shows variation 
(polymorphism) in a population. A good set of molecular markers are characterised 
by being precise, abundant in the genome, consistent across populations and 
generations and, as a group, show good genome coverage. In contrast to phenotypic 
variation, which is the result of the combined effects of genes and environmental 
factors, the environment does not influence DNA markers. In ryegrasses, two main 
fields of application of DNA markers can be distinguished: DNA profiling and marker 
assisted selection (MAS) (Forster, 2001). 
DNA profiling has been used for the characterisation of the genetic diversity in gene 
pools, for the evaluation of population structure and dynamics and for the 
identification of cultivar. For these types of applications, non-functional markers are 
mostly used because the major aim is a general screen of the total genome of a 
genotype (or group of genotypes or populations), in order to compare it to other 
ns). DNA profiling applications in 
t al. (2005) evaluated the possible use of genetic 
genotypes (or groups of genotypes or populatio
ryegrasses using different types of DNA markers are found in the literature. Different 
studies looked at the genetic diversity in ryegrass cultivars and populations using 
different molecular markers (Kubik et al. (2001), Guthridge et al. (2001), Calsyn et al. 
(2005) and Bolaric et al. (2005)). Even though some of the techniques were able to 
identify geographical patterns of genetic differentiation, the genetic variation within 
cultivars was larger than the one between; this blurs the results obtained. Different 
studies evaluated the usefulness and efficiency of molecular markers for the 
identification of forage grass cultivars and accessions (Roldán-Ruiz et al., 2001). 
Roldán-Ruiz et al. (2001) concluded that molecular markers, while not yet suited to 
certain operations in the registration of new varieties, could be suitable to investigate 
disputable distinctness situations, subject to establishing standardised protocols and 
statistical techniques. However, up to now, DNA markers have not been applied in 
official variety testing of ryegrasses. Kolliker et al. (2004) used DNA markers 
(amplified fragment length polymorphisms, AFLPs) to select suitable parental 
combinations in a perennial ryegrass-breeding program by studying the effect of the 
genetic divergence of the parental plants, expressed by their mutual genetic 
distances, on the genetic diversity and performance of the resulting synthetic cultivar. 
In perennial ryegrass, Luesink e
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distances obtained from AFLP data as possible predictors for heterotic performance 
of the hybrids. They concluded that a genetic distance calculated from AFLP markers 
could be a useful tool for selecting good parent genotypes. 
Marker assisted selection is the second major application for DNA marker systems. It 
involves the use of marker loci to dissect the genetic complexity of key agronomic 
traits identified by breeders. Most target traits for forage species show continuous 
phenotypic variation and are controlled by quantitative trait loci (QTL). Linkage 
mapping or association studies may allow the determination of a number of QTL 
accounting for the majority of the genetic variation for a trait. Subsequently, 
associated markers are used for the MAS of interesting genotypes (Forster et al., 
2001). Molecular markers provide the possibility of selecting before the traits are 
phenotypically expressed in the plant or without the necessity of laborious phenotypic 
evaluation. MAS enables the accumulation of multiple positive alleles. In 
introgression programs, it offers the advantage of reducing the number of 
backcrossing generations needed and it minimises the size of the introgressed 
chromosome fragment. For example, Roderick et al. (2000) used introgression from 
Festuca pratensis into L. perenne to improve high temperature rust resistance. In all 
cases, the costs of the different types of genetic markers and the degree to which 
marker systems can be automated to achieve the high throughputs necessary for 
their use within breeding programs, must be considered when developing a marker 
assisted breeding strategy (Humphreys, 2001). Even though many reports on QTL 
studies have been published for most important crops, the effective use and variety 
creation using molecular markers stayed limited. It is quite difficult to know what is 
being done in private companies, but it seems that marker applications are, up to 
now, still limited to genetic diversity studies, prediction of crosses, recurrent 
backcrossing and MAS for traits explained by a few major genes such as disease 
resistances. 
Another development in molecular breeding is the genetic engineering approach. 
Reproducible and efficient transformation protocols are available for grasses (Wang 
et al., 2001). Recently, ryegrass transgenic plants have been constructed for various 
traits, such as, altered fructan accumulation (Ye et al., 2001; Hisano et al., 2004), 
increased resistance to crown rust (Takahashi et al., 2005), down-regulation of main 
pollen allergens (Petrovska et al., 2004) and late heading (van der Valk et al., 2004). 
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Since grasses are out-breeders and related wild species are prevalent in many 
countries, the practical exploitation of genetically modified grasses would require the 
development of a reliable systems to prevent gene flow leading to changes in the 
velopment of SNP markers was the aim of important research projects 
in ryegrass (as for example, the European GRASP project, http://www-grasp-euv.dk). 
genetic architecture of natural populations (Humphreys and Abberton, 2004). 
Additionally, array technology is increasingly becoming available from a range of 
species (including rice and barley) and can be used to identify genes and determine 
their expression (Humphreys and Abberton, 2004).  
1.5. QTL analysis in ryegrasses 
In forage crops, very few major genes that regulate traits such as nutritional value 
and forage quality have been identified. Breeders must largely rely on QTL for 
genetic improvements. Nearly all the genetic variation in forage nutritive value is 
quantitative. QTL are more likely to be numerous and have small individual effects on 
any given trait compared with major genes. Therefore, molecular marker technology, 
genetic linkage mapping and QTL analysis present the possibilities for the 
identification and selection of individual QTL for forage traits (Casler, 2001). 
The first genetic linkage map of ryegrass was published in 1994 by Hayward et al. 
and was based on restriction fragment length polymorphisms (RFLPs), random 
amplified polymorphic DNAs (RAPDs) and isozyme markers. Several other maps 
have since been published (see chapter 3). Considerable advances have been made 
in mapping the ryegrass genome using more efficient PCR-based marker techniques 
such as AFLPs, sequence tagged sites (STSs) and single sequence repeats (SSRs). 
Microsatellite markers are potentially very useful for MAS, being highly repeatable, 
co-dominant and amenable to automation. Single nucleotide polymorphisms (SNPs) 
have also been used as more sequence information has become available in recent 
years. The de
ESTs (expressed sequence tags) have also been developed in ryegrass. These 
markers target coding regions of the genome and are very likely to be conserved 
across species. Functional markers (ETSs, SNPs, EST-SSR….) associated to 
functionally defined genes underlying specific biochemical or physiological processes 
present advantages over ‘anonymous’ markers as they should allow a much closer 
association with loci controlling variation of the target phenotypic trait (Faville et al., 
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2004). Several mapping studies in ryegrasses in which functional markers were used 
have been recently published (Taylor et al., 2001; Lem and Lallemand, 2003; Faville 
et al., 2004). Recent developments in cDNA-derived macro- and micro-arrays should 
aid precision and success in MAS. 
DNA markers linked to cold tolerance, nitrogen use efficiency, water-soluble 
carbohydrates and nutritive value, morphological and developmental traits, flowering 
time, lodging resistance, herbage quality traits, vernalisation response and disease 
resistance have been reported for ryegrasses (mostly for perennial ryegrass but also 
references). Almost all these QTL were 
1.6 Rationale and objectives of the current study 
for Italian ryegrass; see chapter 5 for 
identified in linkage mapping studies of relatively large segregating populations, 
originating from specific crosses between contrasting parents. The latest 
developments in marker technology and in QTL analysis approaches should allow 
the more precise identification of the location of QTL and a better transferability to 
non-mapping populations. Up to now, the use of QTL-associated markers for MAS of 
interesting genotypes has not yet led to new valuable forage grass varieties. 
A classical ryegrass breeding program takes a long time (from 12 to 15 years, 
depending on the species) to develop a new variety with agronomical and 
commercial value. Beside the search for persistent material, main reasons for these 
long periods are due to, on the one hand, the quantitative and complex character of 
most important traits and on the other hand, the heterogeneity of ryegrass genotypes 
and varieties. Even though markers associated to several agronomic traits have been 
identified in ryegrasses, the above-mentioned elements hamper the application of 
routine MAS for shortening breeding cycles or enhancing the efficiency of breeding 
schemes. 
The ultimate objective of the present study was to investigate the possibility of 
effectively applying MAS for complex quantitative traits to create valuable ryegrass 
varieties. Therefore, a specific selection scheme was elaborated, starting with the 
selection of four F1-populations generated from pair-crosses between non-related 
elite individuals originating from the ryegrass breeding pool at ILVO-Plant. Such 
populations differ from other commonly used populations in QTL mapping studies in 
 11
Chapter 1 
ryegrasses, in which populations either originating from a cross including a di-haploid 
plant, or F1-populations originating from the cross between a ‘superior plant’ and a 
‘poor plant’ for a specific trait have been used. These typical mapping populations 
often show no or little agronomical value. In the present work, only parental plants of 
ding for 
the creation and exploitation of heterosis. 
high agronomical value, which had already been through a selection process, were 
used. The breeding scheme also integrated the construction of self-pollinated 
populations that underwent MAS. Self-pollination aimed for the concentration of 
positive QTL-alleles and the generation of a heterosis effect in the new compositions. 
Other objectives or milestones of this work were: 
- generation of genetic linkage maps with co-dominant and dominant DNA 
markers for L. multiflorum; 
- identification of QTL linked with yield, digestibility, water-soluble carbohydrates 
content and crude protein content; 
- comparison of results obtained in the four segregating populations used; 
- evaluation of the possibility of using self-pollination in ryegrass bree
 
Thesis outline 
The study was conducted on Italian ryegrass (L. multiflorum) since cycles are shorter 
than for perennial ryegrass and evaluation can be conducted in the year after sowing. 
Chosen traits for investigation were yield and quality traits (digestibility, water-soluble 
carbohydrates content and crude protein content). Four F1-populations were used. 
The mapping populations were fingerprinted using DNA markers and were evaluated 
in parallel in the field. Linkage maps were constructed for each population. 
Integration of marker data and phenotypic data allowed the detection of QTL 
positions and the estimation of their effects.  
Based on the phenotypic observations, interesting F1-plants were selected and self-
pollinated to yield S1-populations. These genotypes were fingerprinted at QTL 
positions, allowing positive and negative MAS of S1-genotypes for the different traits. 
Selected genotypes were grouped for seed production. Generated compositions 
were then evaluated in field plots for different traits. 
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In chapter two, an introduction on the importance and specificity of yield and quality 
traits in ryegrass breeding is given. The four F1-populations used are presented. The 
phenotypic evaluations performed on these populations as individual plants are 
described. The selection of elite F1-genotypes for self-pollination (and thus 
generation of S1-populations) is described. 
In chapter three, the different fingerprinting methods available today for 
polymorphism identification are introduced. The methods used for the fingerprinting 
of the four F1-populations for identification of polymorphic markers are presented. 
In chapter four, an introduction to genetic linkage mapping is given. The methods and 
results of the construction of the four linkage maps are presented. Maps obtained for 
the fou . Maps are also compared with published maps for r populations are compared
rye agr sses when possible. 
In c p-to-hapter five, a general introduction on QTL analysis is given, as well as the u
date published results of QTL analysis in ryegrasses. The QTL positions identified for 
the different traits are presented and h compared between populations and wit
published results for ryegrasses. 
In chapter six, the fingerprinting of the S1-populations is described. The methods 
applied for MAS of S1-genotypes are described and the resulting compositions are 
presented. Results of the MAS are evaluated by field evaluation of the compositions 
in yield plots. The strategy applied for MAS in the current study is evaluated, as well 
as the opportunity of using self-pollination in ryegrass breeding and its possible 
heterosis effect. 
Chapter seven gives the general conclusions and perspectives of the results 
obtained in this thesis and on the application of MAS in ryegrass breeding. 
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CHAPTER 2  
STUDY OF YIELD AND QUALITY TRAITS IN F1-POPULATIONS 
 
 
 
Objectives 
The ultimate objective of the present study was to investigate the possibility of 
effectively applying MAS for complex quantitative traits of ryegrasses. Yield and 
quality traits affecting the feeding value of ryegrass were chosen, namely, dry matter 
digestibility, water-soluble carbohydrates content and crude protein content. 
The objectives of the experiments included in this chapter were: 
(a) To get a better insight into complex traits of ryegrass such as yield and feeding 
value parameters. 
(b) To select F1-populations suitable for segregation analysis and for application of 
DNA MAS. Four F1-populations of Lolium multiflorum (Italian ryegrass) were 
chosen between different populations obtained by pair-crosses of promising 
clones originating from the ILVO-Plant breeding program. Genotypes of high 
value were selected as parents in order to effectively apply MAS leading to 
valuable forage compositions. 
(c) To gather extensive phenotypic data from these populations. The F1-
populations were evaluated in the field during one growing season. Different 
cuts were performed; for each cut dry matter yield, dry matter digestibility, 
water-soluble carbohydrates content and crude protein content were determined 
on each genotype. A large panel of traits was visually scored as well.  
(d) To analyse the phenotypic data for the different populations and cuts in order to 
determine how they can further be used in QTL analysis.  
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(e) On the basis of the phenotypic data, to select, within the F1-populations, elite 
genotypes for yield and feeding value parameters to be further used in our MAS 
strategy. 
 
 
2.1. Introduction 
Feeding value may be considered as the product of feed intake, digestibility of the 
feed and the efficiency of utilisation of the digested feed (Humphreys, 1989 c). 
Improving the feeding value of herbage includes breeding for better digestibility, 
higher water-soluble carbohydrates content, reduced fibre content, higher dry matter 
content… Also, the crude protein content and the presence of alkaloid toxins 
(endogenous or due to endophytic fungi) influence the feeding quality (Wilkins and 
Humphreys, 2003). Most of these characteristics are multigenic and complicated, 
showing a continuous additive variation and relatively low heritability. Experimentally 
achieved heritability values for forage nutritional value traits generally range between 
0.2-0.4. When reviewing the genetic control of nutritional value parameters in pasture 
species, Casler (2001) concluded that a very small number of functional genes have 
been discovered that have large and direct effects on the nutritional value of plants. 
Most traits influencing the nutritional value are typically interrelated. 
In the classical breeding programs of ryegrasses, most research institutes and 
breeding companies integrated the determination of quality traits. At ILVO-Plant, the 
classical breeding includes the determination of dry matter digestibility, crude protein 
content and more recently water-soluble carbohydrates content. These 
determinations take place at each cut during a whole year in the yield plots, quite far 
in the selection process (after 6 to 7 years for Italian ryegrass and even more for 
perennial ryegrass, see breeding scheme in general introduction). 
Up to now, few European countries include the observation of feeding value 
parameters in the official variety testing of forage grasses. Only digestibility is 
included in the evaluated parameters of the English and the Swiss official variety 
testing of ryegrasses and appears in the recommended lists of the corresponding 
countries. 
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2.1.1. Digestibility 
Forage dry matter is composed of digestible fractions (soluble cell contents and 
digestible cell wall/fibre) and indigestible fractions (mainly lignified fibre). The relative 
proportions of these two fractions are estimated in terms of dry matter digestibility 
(DMD) (Humphreys, 1989 c). Digestibility is generally considered the most important 
temperate grass nutritional value trait for either cattle live-weight gain or dairy 
production (Wheeler and Corbett, 1989; Smith et al., 1997). It is a measure for the 
energy availability to the ruminant and influences the rate of passage of forage 
particles through the rumen, as feed particles must be broken down sufficiently to 
pass the rumen (Casler, 2001). Genetic improvements in digestibility result in 
measurable progress in animal performance as this affects both the energy content 
of the diet and the voluntary intake by the animal (Wilkins and Humphreys, 2003). 
Modest genetic improvements in DMD of forage grasses of between 3.0 to 7.0 
percentage units have resulted in significant improvements in live-weight gain/head 
of grazing steers and sheep (Wilkins, 1997). In vitro DMD is easy to measure and 
correlates well with in vivo measurements (Wilkins, 1997). For Casler (2001) in vitro 
digestibility provided the best selection criterion for the nutritional value of a wide 
range of forage species.  
Ryegrasses have a high digestibility and within the forage Lolium species, perennial 
ryegrass is the most digestible, mainly due to the lower proportion of stems 
produced. Frame (1991) reported that perennial ryegrass had a better digestibility 
than all ten other forage grasses or invasive species he studied. Moreover, several 
studies have shown that tetraploid ryegrass varieties have a higher digestibility than 
diploid ones (Baert and Carlier, 1988; Schubiger and Lehmann, 1998). 
In ryegrasses, the already high DMD values and the relatively low existing variation 
render further improvement difficult. Within F1-families (originating from a cross 
between a low digestible and a high digestible parent) of L. perenne, Frandsen 
(1986) obtained variation coefficients from 15.4% to 25.4% for the different cuts 
taken, while those of cocksfoot (Dactylis glomerata) ranged from 11% up to 29%. 
Boller et al. (1998) found a wide range of genetically based differences in digestibility 
within a European core collection of 150 accessions of L. perenne. In the study of 
Humphreys (1989 c) based on 100 accessions from a wide range of origins (ecotype 
collections, breeding material and varieties), a coefficient of variation of 6.4% was 
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found over five cuts, while for each single cut it ranged from 3.8% to 4.9%. However, 
when considering only ryegrass varieties the variation might be lower. De Vliegher 
and Carlier (1994) evaluated the digestibility of 16 candidate varieties of L. perenne 
in two cycles of two growing seasons at three locations. They found digestibility 
differences among varieties (in the same heading date category) from 1.5 to 3.2 
percentage units in mean DMD over all harvests and three sites. Beerepoot et al. 
(1994) reported differences up to 4.0 percentage units in mean DMD between their 
control varieties (L. perenne, unselected for digestibility). Wilkins (1997) studied the 
digestibility of three perennial ryegrass varieties over two harvest years under 
different cutting frequencies and found a variation of almost 3.5 percentage units 
over all harvests and harvesting frequencies. According to Wilkins (1997) differences 
among varieties of temperate grasses in DMD tend to be much higher in mid and late 
summer, when the digestibility of the fibre is at its lowest, compared to spring and 
autumn. 
Wilkins (1997) found consistent ranking of the varieties/genotypes over the two years 
and under different harvesting frequencies. On the contrary, in the study of De 
Vliegher and Carlier (1994), the ranking varied between harvests or years. These 
results led De Vliegher and Carlier (1994) to conclude that digestibility should not be 
taken into consideration for admission of varieties to the Belgian catalogue. Wilkins 
(1997), however, stated that there is sufficient useful genetic variation for DMD within 
perennial ryegrass to justify breeding for the trait and advocated its routine 
assessment in official variety trials in the UK. Schubiger and Lehmann, (1998) also 
estimated that digestibility should be taken into account in the Swiss official variety 
trials.  
Research on the heritability of digestibility has also brought contrasting results. 
Harrison et al. (1984) found very low narrow-sense heritability values for L. perenne. 
The low and non-significant correlation coefficients they found, led them to conclude 
an absence of additive genetic variation. Beerepoot et al. (1994) estimated the 
heritability (both realised and broad-sense) of flag leaf digestibility of perennial 
ryegrass at 0.7 and obtained a satisfactory response to selection for high and low 
digestibility. Reheul and Ghesquiere (1994 b) found very low narrow-sense 
heritability for individual whole-plant DMD, but this was due to a low repeatability of 
their experimental system between years. The significant narrow-sense heritability 
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values obtained by Frandsen (1986) for digestibility of perennial ryegrass were within 
the range 0.55-0.80 and were higher than for cocksfoot (Dactylis glomerata:  0.25-
0.60). 
Casler (2001) reviewed experiments (published between 1970 and 1993) 
documenting the genetic gains (as a proportion of the initial population means) for in 
vitro DMD in different forage grasses (timothy, perennial ryegrass, smooth 
bromegrass, switchgrass (Panicum virgatum L.), Digitaria milanjiana and 
orchardgrass). He concluded that breeding led to rates of genetic gain in the range of 
1-4.7% per annum, with the lowest progress for perennial ryegrass. These values are 
much higher than long-term rates of gain for forage yield suggesting that 
improvements in in vitro DMD may be obtained more easily than improvements in 
forage yield. On the other hand, according to Wilkins and Humphreys (2003), the 
gain in mean DMD of perennial ryegrass varieties listed on the UK NIAB (National 
Institute of Agricultural Botany) recommended list was 0.1% per year between 1989 
and 1999, whereas there has been little or no improvement in the USA. The 
aftermath digestibility of varieties currently listed on the UK list (2005/2006) ranges 
from 66.3% to 71.1% for perennial ryegrass (with increasing mean percentage from 
early to late heading type), from 61.9% to 64.0% for Italian ryegrass, while hybrid 
ryegrass is in the range of 62.2% to 67.1%. Other grasses species (Phleum pratense 
and Dactylis glomerata) listed on the NIAB list present digestibility values in the same 
range or higher than those of Italian ryegrass. The mean DMD of diploid varieties and 
families tested at ILVO-Plant were 69.5% for the mean of years 1997 and 1998 and 
70.2% in the year 2000 for perennial ryegrass (5 cuts). Italian ryegrass had a similar 
percentage of 69.4 (year 1998, 6 cuts), while timothy had a much lower percentage 
of 61.2 (year 2000, 5 cuts) (De Brabander et al., 2001). Humphreys (1989 c) obtained 
an average DMD (year 1982, 5 cuts) of 74.2% for spaced plants of 100 accessions of 
L. perenne. In the plot trial of Humpreys (1989 c) containing different varieties and 
families (year 1982, 8 cuts), the mean percentages of all cuts ranged between 81.9% 
and 83.2%, which is very high and probably mainly due to the number of cuts 
performed. 
Digestibility is variable through the year, being the highest at the first cut (year after 
sowing) and dropping in the following cuts when more flowering stems appear 
(especially for L. multiflorum). Experimental (date and frequency of cuts, etc.) and 
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environmental conditions (year) influence the results of digestibility determination and 
the correlation with other traits (Frandsen, 1986; Reheul and Ghesquiere, 1994 a). 
Reheul and Ghesquiere (1994 a) carried out research in order to identify which cut or 
cut combination best reflects the digestibility of ryegrasses over a whole year (five or 
four cuts). For Italian ryegrass, they concluded that if only one cut had to be chosen it 
should be cut four and that for a combination of two cuts, it should be cuts two and 
four. Still, Reheul and Ghesquiere (1994 a, b) are convinced that analysing all cuts 
provides the most reliable results. For even more reliability, several analyses per year 
over several years and even on several locations might be necessary. Obviously, this 
largely increases the costs and workload and is difficult to implement in a practical 
breeding program. In the UK official trials, digestibility determination takes place only 
at the second conservation cut (aftermath DMD). This might be responsible for the 
low digestibility percentages reported for Italian ryegrasses varieties. In addition, 
sample preparation, such as for instance the type of grinder used, and the analysis 
method might affect the results (Van Waes et al., 1998).  
2.1.2. Water-soluble carbohydrates 
The water-soluble carbohydrate content (WSC) reflects the balance between carbon 
assimilation through photosynthesis and its use in plant growth respiration 
(Humphreys, 1989 a). Most of the plant water-soluble carbohydrates are in the form 
of fructans. High-molecular weight fructans act as a store of energy and appear to be 
associated with good tiller survival and sward persistency and good regrowth after 
defoliation. Low-molecular weight fructans and free sugars have potential in terms of 
osmotic regulation and may be associated with adaptation to drought, freezing or 
saline environments (see references in Humphreys, 1989 a). WSC influences the 
nutritional value of forages grasses and is associated to winter hardiness. At the 
Institute of Grassland and Environmental Research (IGER) in the UK, most efforts to 
develop perennial ryegrass germplasm with improved forage nutritional value were 
based on high WSC as the principal criterion (Humphreys, 1994). Jones and Roberts 
(1991) showed that the biosynthesis of soluble oligosaccharides such as fructans is 
of key importance for energy provision to the grazing animal.  
High WSC offers several advantages to a feed. It buffers the mid-summer declines 
due to reduced fibre digestibility (Radojevic et al., 1994) and it increases palatability 
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for fresh forage or pasture (Jones and Robert, 1991). It promotes more rapid 
digestion in the rumen and particle passage through the rumen (Moseley and Antuna 
Mamendez, 1989). It also enables high quality silage to be made without additives or 
using live inoculants, which results in better protein preservation (and less ammonia 
nitrogen) than can be achieved by using formic acid (Haigh, 1990; Davies et al., 
2002). Finally, it provides a regular supply of readily fermentable carbohydrates as an 
energy source for rumen microbial growth (Beever, 1993). It was shown that high 
WSC ryegrass improves the efficiency of protein utilisation by ruminants and boosts 
milk and meat production whilst reducing nitrogen losses in waste products (Miller et 
al., 2001). Following, Mac Rae et al. (1985), one of the reasons for the increased 
nutritional value of spring grass compared to autumn grass is the increase in amino 
acid absorption mainly because the WSC in the dry matter of spring grass is double 
that of autumn grass. In contrast, for non-ruminant animals such as horses, lower 
WSC grasses required for feeding (Longland, 2001). 
Twelve to fifteen percent of angiosperm species (within the Asteraceae, Liliaceae and 
Gramineae) store fructans (a fructose polymer) as a carbohydrate reserve in 
alternative to starch. In the grasses, these fructans are particularly widespread. 
Fructans are synthesised directly from sucrose and are soluble. The fructans 
accumulated by temperate forage grasses and cereals have structures distinct from 
those of chicory, Jerusalem artichoke or bulb-forming species of Liliales, and 
differences exist even between barley and Lolium species (Pavis et al., 2001). In 
temperate forage grasses fructans are found predominantly in tiller bases (leaf 
sheaths and leaf bases) but significant amounts can also accumulate in leaf blades 
(Turner et al., 2005). Fructans accumulate during periods when supply of assimilated 
carbon exceeds the demand, and are mobilised when supply is lower than the 
demand for growth (Chalmers et al., 2005). For L. perenne, the usual trend is that 
WSC content is at a maximum in early spring due to reserves stored in the previous 
autumn. WSC then falls rapidly due to mobilisation for spring growth. During primary 
reproductive growth, the water-soluble carbohydrate accumulate in the lower stem 
internodes and in post-reproductive recovery growth levels fall again as new tillers 
emerge (Humphreys, 1994).  
Little is understood of the regulation of fructan metabolism in grasses. In temperate 
grasses, fructan metabolism is based on the substrate sucrose and involves 
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fructosyltransferases for biosynthesis and fructan exohydrolases for degradation. 
Sucrose is also utilised by invertases, which hydrolyse it into its constituent 
monosaccharides for use in metabolism (Pavis et al., 2001; Chalmers et al., 2005). 
The considerable sequence homology between the enzymes of the fructan 
metabolism pathway and invertases complicates their study (Turner et al., 2005). 
Chalmers et al. (2005) reviewed the molecular genetics of fructan metabolism in 
perennial ryegrass. Turner et al. (2005) studied the regulation of fructan metabolism 
in perennial ryegrass through QTL mapping. They measured fructan and the other 
components of water-soluble carbohydrates (sucrose, glucose and fructose) in 
leaves and tiller bases. They identified QTL on chromosome 1, 2, 5 and 6. The only 
candidate gene directly mapped in a QTL region in this study was alkaline invertase.  
The genetic variation in perennial ryegrass appears to be considerable and higher for 
WSC than for in vitro DMD (Frandsen, 1986; Humphreys, 1989 c; Radojevic et al., 
1994; Turner et al., 2001). Humphreys (1989 c) found higher genetic variation for 
WSC than for crude protein content (CP), while these values were very close in the 
study of Frandsen (1986). In the study of Humphreys (1989 c), the coefficient of 
variation for the mean WSC of 100 accessions ranged from 17.6% to 28% for the 
different cuts. The mean WSC (g kg-1 dry matter) was maximum (288) at cut two (at 
50% ear-emergence) while the other four cuts were around 150 with cut one 
presenting the lowest value. The mean total WSC (g kg-1 dry matter) obtained by 
Turner et al. (2005) in their F2 mapping families ranged from 169 to 179 for leaves in 
spring, from 226 to 272 for leaves in autumn, from 209 to 261 for tiller bases in spring 
and from 324 to 370 for tiller base in autumn. Differences in WSC and its coefficient 
of variation exist between grass species. Frandsen (1986) found in F1-progenies a 
mean WSC (g kg-1 dry matter) at the first cut of 348 for perennial ryegrass, of 188 for 
cocksfoot and of 232 for meadow fescue, while the coefficients of variation were 
10.6%, 7.1% and 8.8% respectively. The coefficient of variation for perennial 
ryegrass obtained here is much lower than the variation found in the study of 
Humphreys (1989 c) for the same cut (17.6%). Tetraploid ryegrasses are known to 
possess higher WSC than diploid ones (Carlier, 1974). However, Baert and Carlier 
(1988) did not find a significant difference between WSC in diploid and tetraploid 
varieties. Yet the total amount of water-soluble carbohydrates ingested with 
tetraploids was greater than with diploids. 
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Classical perennial ryegrass breeding has been successful in producing varieties with 
higher WSC, and differences in WSC among perennial ryegrass varieties were 
expressed consistently over a wide range of locations (Radojevic et al., 1994; 
Gilliland et al., 2002). Humphreys (1989 a, b) showed that WSC in perennial ryegrass 
has good heritability, although the inheritance of the trait appears to be more 
complex than for in vitro DMD with an apparently large non-additive component 
composed of dominance, overdominance (heterosis) and epistasis. In the study of 
Turner et al. (2005), there was considerable year-to-year environmental variation. 
However, significant genetic effects were detected and several components of the 
trait had high broad-sense heritability.  
Environmental factors and management practices play a significant role when WSC 
are compared as the trait is highly sensitive to environmental changes and many 
factors may affect the water-soluble carbohydrate metabolism. In forage grasses, 
inaccurate phenotyping might be a limiting factor of studies on WSC. The use of 
annual means to determine genetic differences in WSC independent of the effects of 
stem production and disease resistance is advisable (Humphreys, 1989 b). 
Experimental design should minimise any undesirable effect and search for 
reproducible results by including replications at different times and/or in different 
locations and/or environments, within a reasonable budget and workload (Turner et 
al., 2005). Turner et al. (2001) tried to identify the developmental stage at which 
differences in WSC appear in ryegrass varieties and how these differences relate to 
growth. They concluded that sheath/stubble WSC, rate of growth (reserve-driven 
growth) and constitutive leaf extension rate several weeks after any cut 
(photosynthate-driven growth) were most suitable. 
2.1.3. Crude protein content 
Crude protein content (CP) has received relatively little attention in grasses, and it is 
generally not considered a useful selection criterion for improving nutritional value of 
forages (Smith et al., 1997). However, protein is one of the main components of 
herbage cell contents and part of the genetic variation of digestibility could be due to 
variation in CP (Humphreys, 1989 c). Additionally, unless grown with legumes, the 
CP of herbage can fall below the 12% level required by productive animals in late 
spring and early summer (Casler, 2001). Increasing CP of forage can often be 
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achieved by inexpensive nitrogen fertiliser (Casler, 2001) or breeding to increase 
stem CP, although less dry matter would be produced per unit of available nitrogen 
(Humphreys, 1989 c). Surplus to the demands of the rumen microbial population (if 
not enough source of energy) or excessive protein degradation results in 
deamination of amino acids and excretion of ammonia (Kingston-Smith et al., 2002). 
Genetic progress for increased CP has been documented in several grass and 
legume forage species (Casler et al., 2001). Arcioni et al. (1983) have shown that the 
progress achieved from selection in perennial ryegrass was measurable at N-
fertilisation rates of 0 to 100 kg N/ha; N rates above this level negated the differences 
between selected and unselected lines. From their experiment at two cut frequencies 
and two fertilisation levels, De Brabander et al. (2001) stated that genetic variation of 
CP in perennial ryegrass was very small (1%) in comparison to the variation caused 
by modifications in culture management. The variation coefficients they obtained in 
other experiments for ryegrasses were very low (1.9% for Italian and 2.6 % for 
perennial), while results for timothy were higher (7.3%). As already mentioned, 
Humphreys (1989 c) found a range of genetic variation for CP lower than that found 
for WSC but this was not the case for Frandsen (1986). The coefficient of variation 
for the mean CP obtained by Humphreys (over 100 accessions and over five cuts) 
was 14.7% (with a range from 7.4% to 14.7% for the different cuts). Frandsen found 
more variation within perennial ryegrass (11.7%) than within cocksfoot (8.1%).  
Possibilities to increase the valorisation of protein exist through higher WSC, addition 
of energy-rich feed supplement (for example maize silage) and improvement of the 
protein stability. Protein preservation within the silage can be partly improved using 
additives or live inoculants. Delayed protein degradation and mobilisation during leaf 
senescence might also help to maintain CP as the crop matures (Wilkins and 
Humprheys, 2003). In addition, much of the protein degradation in the rumen is not 
due to rumen micro-organisms but to the activation of the plant’s own proteases (Zhu 
et al., 1999). Breeding for modified plant protease activity in forage could increase 
the efficiency of N use by ruminants. It is well known that protein stability is 
associated with reduced degradation of chlorophyll-protein complexes in ‘stay-green’ 
plants. The transfer, through conventional breeding, of a ‘stay-green’ gene from F. 
pratensis to L. perenne led to an increase of 8 % in CP (Humphreys and Thomas, 
1998). Kingston et al. (2002) assessed the ability of the stay-green phenotype in 
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Lolium species to provide an improved protein supply for ruminants. Results 
suggested that the ‘stay-green’ trait would be of benefit in areas where agricultural 
practice permits extensive natural senescence to occur, but not under frequent 
grazing. Resistance of forage protein to degradation by rumen micro-organism could 
also address part of the problem. In all cases, efficient and repeatable measurement 
of non-degradable protein is difficult and expensive, although new evaluation 
methods are being developed (see below). 
Mean values for CP, obtained by Humphreys (1989 c) for spaced plants of perennial 
ryegrass was 165 g kg-1 dry matter. The lowest value was obtained at cut two (120 g 
kg-1 dry matter), the following cuts ranged from 150 up to 170 g kg-1 dry matter and 
the highest mean was obtained at cut one (250 g kg-1 dry matter). Lower mean CP 
was found in the F1-progenies of Frandsen (1986) for perennial ryegrass and 
cocksfoot (113 and 106 g kg-1 dry matter respectively). The mean CP of diploid 
varieties and families tested at ILVO-Plant between 1997 and 2000 was much lower 
for perennial ryegrass (134 g kg-1 dry matter) than for Italian ryegrass (188 g kg-1 dry 
matter); timothy had an intermediate value (152 g kg-1 dry matter) (De Brabander et 
al., 2001). Tetraploid ryegrass varieties seem to have the same CP as diploid 
varieties (Carlier, 1974; Baert and Carlier, 1988). 
2.1.4. Yield 
Dry matter yield (DMY) will always be an important trait for forage breeding because 
most production costs are incurred on a unit area basis and thus herbage from more 
productive grasses is cheaper. In addition, improved dry matter yield often results in 
a more efficient use of plant nutrients (Wilkins and Humphreys, 2003). Under 
simulated grazing (Wilkins et al., 1997) as well as under infrequent cutting (De 
Vliegher et al., 2001) correlations between DMY and N yield are in general 
significantly positive. Breeding for increased DMY is therefore likely to have 
environmental as well as economical benefits, although there is a danger of reducing 
CP content (Wilkins and Humphreys, 2003). 
Measurement of DMY is more straightforward than the assessment of nutritional 
value traits; nevertheless it is not an easy matter. There is often poor agreement in 
genotype ranking in annual DMY between individual spaced plants and plots. 
Strategies to circumvent this problem have been experimented with variable results: 
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trials with plants gown in a background sward of a different species, indirect selection 
(for example selection for low dark respiration rate), or establishment of plots by 
close planting of clonal replicates. Today, most breeding programs of grasses still 
include the evaluation of spaced plants in one way or another. At the first silage cut, 
assessment of yield is also complicated by heading date as DMY increases 
progressively with increasing maturity until anthesis. Therefore, only grasses with 
similar inflorescence emergence should be compared. Perennial ryegrass varieties 
can differ widely in heading date, while varieties of Italian ryegrass or smooth 
bromegrass emerge at a similar date (Wilkins and Humphreys, 2003). 
Forage yield of grasses is a quantitatively inherited trait with low to medium 
heritability (Wang et al., 2001). Vogel et al. (1981) and Hopkins et al. (1993) showed 
this for indiangrass (Sorghastrum nutans (L.) Nash) and switchgrass . The heritability 
estimates of dry matter production found by Frandsen (1986) for perennial ryegrass, 
cocksfoot and timothy, varied considerably and were generally very low, between 0.1 
and 0.2. The trait is highly influenced by environmental factors, e.g. cutting regimes 
(frequent or infrequent cutting, grazing), within the same climatic zone. Despite this 
genotype x environment interaction, the breeding for DMY in perennial ryegrass at a 
single site has largely been successful. Other factors such as leaf length, persistency 
and tolerance to biotic and abiotic stresses may also influence the ranking in yield 
(Wilkins and Humphreys, 2003). 
High genetic variation for DMY exists within forage grasses. Humphreys (1989 c) 
found variation coefficients from 41.5% to 80.8% for the different cuts performed on 
spaced plants. During the last 50 years, gains in annual yield by breeding have 
varied between forage grass species but also between locations. Gains for the 
important forage grass species have been 0.4-0.5% per year in north-western 
Europe, but only 0-0.1% per year in the USA (Wilkins, 1997). The highest gains of 
0.4-0.6% were made in the UK and Belgium for perennial ryegrass, in France for 
Italian ryegrass and in Italy for tall fescue and cocksfoot (Wilkins and Humphreys, 
2003). Van Wijk and Reheul (1991) reported an average yield improvement of 0.5% 
per year for newly listed perennial ryegrass varieties in Belgium while the gain for 
Italian ryegrass varieties in the Netherlands was 0.2% per year. Improving early 
spring and autumn DMY is particularly important as it allows extending the 
exploitation season. For short-term silage species, such as Italian ryegrass, spring 
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growth is even more important. Proportional gains in DMY at individual cuts can be 
higher than proportional gains in annual DMY. In the UK, gains in DMY at the first cut 
of the second harvest year were 1.5 to 1.8 % per year for perennial grass (late and 
intermediate heading type) (Wilkins and Humphreys, 2003). 
2.1.5. Interaction between parameters 
Simultaneous progress in improvement for yield and DMD in forage grasses has 
been inconsistent, as different studies have reported negative correlations between 
DMY and DMD (Frandsen, 1986; Posselt, 1994; Oliveira and Castro, 1994). 
Humphreys (1989 c), Reheul and Ghesquiere (1994 b) and Beerepoot et al. (1994) 
however, did not find such a negative interaction between these two traits. In most 
grass species, the leaf lamina is more digestible than flowering stems (containing 
more fibre), and largely their respective DMD is under independent genetic control. 
However, reducing the proportion of flowering tillers to improve digestibility is limited 
by the large contribution of stems to dry matter yield and by the necessity for 
sufficient seed yield. A more effective approach is to improve stem digestibility, 
especially for hay and silage cut grasses where more stems are present than in 
grazed or frequently cut grasses (Wilkins and Humphreys, 2003). 
Focusing on specific components of the genetic variation in DMD may be more 
influential for the improvement of the nutritional value of grasses. DMD can be 
increased by improving the digestibility of fibre (and thus the cell-wall digestibility) or 
by increasing the ratio of cell contents (mainly CP and WSC) to fibre (Wilkins and 
Humphreys, 2003). Following Casler (2001), lignin concentration and composition 
regulate much of the genetic variation in in vitro DMD within forage crops (studies on 
smooth bromegrass, Bromus inermis Leyss). The research of Humphreys (1989 c) 
showed that in ryegrasses, a major part of the genetic variation in DMD is the result 
of variation in WSC, although there is also some genetic variation in CP. DMD 
appears to be correlated positively with WSC (Frandsen, 1986; Humprheys 1989 c; 
Radojevic et al., 1994). For L. perenne, Frandsen (1986) found significant positive 
correlations between DMD and CP, while Humphreys (1989 c) found a rather 
inconsistent relation between the two traits. For timothy, Frandsen (1986) observed a 
negative correlation between DMD and CP. However, in the study by Surprenant et 
al. (1990), selection for increased in vitro DMD in timothy also led to an increased 
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CP. Frandsen (1986) also found significantly high negative correlations of DMD with 
fibre and lignin contents as well as with earliness. 
As mentioned above, WSC seems to be positively correlated and is responsible for a 
large part of the genetic variation in DMD of perennial ryegrass. WSC was negatively 
correlated with CP in the study of Humphreys (1989 c). In contrast, Frandsen (1986) 
found significant medium positive correlation (0.41) between WSC and CP for 
perennial ryegrass, while this correlation for cocksfoot was negative. In addition, 
WSC was found to be independent of heading date (Humphreys, 1989 a). In the field, 
it was demonstrated that herbage yield of high-sugar grasses can be the same 
(Humphreys, 1989 c; Smith et al., 1998), more (Humphreys, 1989 c; Radojevic et al., 
1994) or even less (Humphreys, 1989 c; Radojevic et al., 1994; Smith et al., 1998; 
Hopkins et al., 2002) than the yield of normal or low-sugar grasses. The lack of 
correlation between DMY and WSC observed for L. perenne by Humphreys (1989 c) 
suggested that breeding for both traits simultaneously should be possible.  
As already mentioned, the publications on the relations between CP with DMD and 
WSC appear to be variable. Humphreys (1989 c) supposed that environmental 
effects such as N-fertiliser application as well as developmental factors strongly 
influence this relationship. Significant negative relationships between CP and DMY 
are often found, particularly at low N fertilising levels reflecting variation in efficiency 
of the use of N in dry matter production (Baert et al., 1999; Humphreys, 1989 c; 
Wilkins, 1997). 
Possible negative relationships between DMY and other traits have already been 
discussed. It is often considered that a negative relationship exists between forage 
quality and herbage production. However, following Humphreys (1989 c), the 
evidence refers mainly to developmental and environmental factors rather than to the 
effects of genetic differences among plants. Correlations between quality traits and 
DMY found by Humphreys were generally low, if present. The overall lack of 
correlation found between DMY and both WSC and DMD suggested that 
combinations of high digestibility, high WSC and high production are possible. 
Reheul and Ghesquiere (1996) found a negative genetic correlation between DMY 
and resistance to crown rust. 
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2.1.6. Evaluation of forage quality parameters 
Direct evaluation (in situ) of the feeding quality of silages, hays, raw materials or 
compound feeds may be performed in feeding trials with animals. Also in situ nylon 
bag procedures (in fistulated cows) deliver reliable results. However, these trials are 
laborious, time-consuming, expensive and limited to small quantities of herbage 
monsters.  
The publication of the first in vitro dry matter digestibility analysis (with rumen liquor) 
by Tilley and Terry (1963) dramatically changed forage breeding as it allowed 
breeders to evaluate a large number of feed samples in a short time period and had 
direct and obvious relevance to animal performance (Casler, 2001). In vitro 
digestibility methods have also been adapted to study the disappearance of several 
components of forage-plant dry matter such as neutral detergent fibre, acid detergent 
fibre, cellulose or hemicellulose with relatively good correlation with in vitro DMD 
(Casler, 2001).  
Because a reliable source of rumen fluid may not always be available, other practical 
methods for indirect assessments to predict in vivo feeding value have been 
developed. Fungal cellulase solutions have been used in conjunction with neutral-
detergent or acid pepsin pre-treatments as a substitute for rumen fluid (van Soest, 
1963; Jones and Hayward, 1975; De Boever et al., 1986). Generally, high 
correlations between these methods and in vitro DMD of Tilley and Terry were 
obtained (Casler, 2001). In addition, in vitro methods have been published for the 
estimation of the digestibility and metabolisable energy content of ruminant forage 
from the gas produced when incubated with rumen liquor in vitro (Menke et al., 1979; 
Van Loo, 1994). 
Methods have been developed for the other cellular components for accurate and 
automated content determination (example of soluble carbohydrates: Somogyi, 1945; 
Wiseman et al., 1960; Thomas, 1977). Equations combining different parameters 
(such as protein content, fibre content, sugar content...) were developed to predict 
digestibility, energy value or rumen degradability of nutrients in a practical way (De 
Boever et al., 1999). 
In addition, the application of the Near Infrared Reflectance Spectroscopy (NIRS) 
analysis opened new perspectives for fast and non-destructive quantitative analysis 
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of forage quality. NIRS can been used to analyse samples simultaneously for several 
different components of nutritional value both quickly and accurately (Brown et al., 
1990; Shenk et al., 1992). NIRS has been successfully implemented as a method to 
quantify forage quality parameters including fats, proteins, carbohydrates, neutral 
detergent fibre content and moisture. NIRS measurements have to be calibrated 
against samples of known chemical composition (Gislum et al., 2007). The accuracy 
of the method depends on the quality of the calibration used. In forage quality 
analyses, it is common to have large calibration sets. Then, the precision level that 
can be obtained by NIRS methods is identical to one of the reference analyses. 
However, components with a content lower than 3% of the dry matter can generally 
not be reliably predicted (Lila and Furstoss, 2000). 
2.2. Material and methods 
2.2.1. Selection of plant material 
At ILVO-Plant, ryegrass breeders perform up to 200 pair-crosses each year. Such 
crosses mainly aim at creating new genetic variation and combining different 
interesting traits present in material of different origins, or more specifically searching 
for meiotic tetraploid genotypes (by crossing diploid and tetraploid genotypes, see 
general introduction). The starting plant material is derived from different stages in 
the breeding scheme, such as from the spaced plant nursery or from clone row plots 
(generating F1-populations) or from yield test trials. Clones are well-characterised 
material that have gone through several evaluation years (first as individual plants, 
next as clone rows; see breeding scheme of ryegrass in general introduction) and 
which obtained high evaluation scores (for growth, regrowth and disease resistance). 
Pair-crosses are performed in isolation cells in the greenhouse (figure 2.1) under 
non-regulated conditions. Both plants to be crossed are placed under a closed plastic 
cover, in which filtered air is blown from underneath and exits through the upper part 
of the cell. This ensures good ventilation and prevents pollen contamination. Seeds 
are harvested on both parents, or on only one of the parents, depending of the 
purpose of the cross. 
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Figure 2.1: Illustrations of isolation cells for pair-crosses of ryegrass plants at ILVO-Plant 
 
For the present work, four F1-populations of diploid Italian ryegrass were chosen 
from the ILVO-Plant classical breeding program. These F1-populations were selected 
among the populations produced from the 28 pair-crosses of Italian ryegrass 
performed in the year 1999 in isolation cells. In order to use this material effectively in 
a MAS strategy for the creation of new valuable varieties, clones of high value were 
selected as parents to generate the segregating F1-populations. Only crosses that 
rendered enough seeds (minimum 0.5 g) on both parents and  that flowered  almost 
simultaneously were considered in order to minimize the occurrence of self-
pollination. Finally, attention was paid to select four crosses produced from unrelated 
parents. The parents originated from L. multiflorum varieties or families from the 
ILVO-Plant breeding pool. The 8 parents were assigned a letter from A to H. The F1-
populations were named C1 to C4. Table 2.1 gives the heading date, the seed weight 
and the origin of the eight parents. One hundred and ten individuals (55 individuals 
from each mother plant) were retained to compose each population (with exception of 
C1 with only 109 genotypes).  
 
Table 2.1: Characteristics of selected diploid populations 
Population Parent Heading date Seed weight Origin No. of individuals on the field 
A 12/05 3.6 g Merode 55 C1 
B 12/05 0.5 g P1G2* 54 
C 7/05 1.4 g b91.12* 55 C2 
D 7/05 0.8 g b91.14*  55 
E 12/05 1.5 g Bellem 55 C3 
F 12/05 3.1 g Nadine 55 
G 12/05 1.6 g Axis 55 C4 
H 12/05 2.0 g Tribune 55 
Note: * Codes of ILVO-Plant breeding material; unrelated material 
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Two years after the pair-crosses were made, each selected parent was self-
pollinated in the isolation cells. Seed was harvested from each plant. 
2.2.2. Greenhouse growth 
The F1-seeds were sown at the end of January 2000 in trays of 96 pots of 4x4x7 cm 
filled with common soil. A full tray was sown for each seed parent. The greenhouse 
conditions were 20-25°C during the day and 15°C during the night. Three months 
after sowing, 110 plants (55 from each parent) of the four selected F1-populations 
were planted in individual pots (8x8x8 cm). After one and a half months, each plant 
was cloned in four parts, which were again planted in pots. One genotype of 
population C1 (derived from mother B) was lost during this cloning process (table 
2.1). Plants were transferred to the field four weeks later.  
2.2.3. Field test 
By the end of June 2000, four replicates of each genotype were planted in the field 
as spaced plants in two experimental plots.  
The first two replicates of each genotype on plot A were used for the determination of 
yield and quality traits for subsequent QTL analysis. On this plot, plants were planted 
on perforated plastic foils (figure 2.2, picture on the right) in order to avoid dirt and 
sand contamination on the plant material which would affect the NIRS quality 
analysis (see point 2.2.4). The two replicates of the same genotype were planted in a 
row with 40 cm between them; the distance between rows was 50 cm.  Border  plants  
 
        
 
Figure 2.2: Illustrations of the experimental field plot A (left) for visual observation and 
experimental field plot B (right) for yield and quality determination 
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Table 2.2: Management of plot A (yield and quality determination) 
 
Cut Dates of cut 
Liquid fertilisation 
(after winter or after cut) 
66-44-61 kg N-P2O5-K2O/ha
Yield and quality  
determination 
1 02/08/00 Yes No 
2 30/08/00 No  Yes 
3 29/09/00 No  No 
Year of planting  
4 28/11/00 No No 
  Yes  
1 20/03/01 Yes Yes 
2 03/05/01 Yes Yes 
3 20/06/01 Yes Yes 
4 24/07/01 Yes Yes 
Year after 
planting 
5 12/09/01 No Yes 
 
were planted at the end of each lane. Table 2.2 gives the details over the 
management of plot A: dates of cuts, fertilisation applied and at which cuts yield and 
quality traits were determined. Plants were cut four times during the year of planting, 
with the last cut occurring just before the winter period. Material was harvested only 
at the second of these cuts. This cut served as a test for the phenotyping method. 
Five cuts were harvested in the year after planting, the first cut being made by the 
end of March and further cuts occurring around every 6 weeks according to the 
weather conditions and plant maturity. On every harvested cut, fresh weight was 
measured for both of the replicates of each genotype. Plant material was dried in a 
preheated oven at 75°C for 48 hours and again weighted. Fertilisation (liquid 
fertiliser, 66-44-61 kg N-P2O5-K2O/ha) was applied after planting and in the year 
following planting before the growth season and after each cut (except the final cut).  
The two other replicates of each genotype were planted on a second experimental 
plot (plot B). Plot B was managed as a normal clone plot of the ILVO breeding 
program. In this way, the plot served as control to plot A on which growth condition 
on plastic foils did not correspond to normal selection conditions. Plot B was also 
used for visual observations to be compared to the measured data of plot A. The plot 
was divided in lanes containing four plants in a row (two replicates of two genotypes). 
Distance between plants in a row was 40 cm and distance between rows was 50 cm 
(figure 2.2, picture on the left). Lines of a cultivar very susceptible to crown rust 
(variety Lemtal) were sown perpendicular to the experimental plant rows. These lines 
were sources of crown rust spores and favoured the equal dispersion of spores on 
each genotype (Reheul and Ghesquiere, 1996). Border plants were also planted at 
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the end of each lane. Plants were cut three times in the year of planting. In the year 
after planting, plants were only cut after heading. During the following summer and 
autumn plants were cut four times. Table 2.3 gives the details over dates of the 
different cuts, fertilisation and observations performed. Fertilisation was applied in the 
form of pellets twice in the year of planting, before the growth season and after each 
cut (except the final cut) in the year after planting. Visual observations were 
performed in the year of planting and the year after planting. For each trait, a unique 
common score was assigned for both replicates of one genotype. Scores varying 
from 1 = low and 5 = high were given for the following traits: plant type, leaf width, 
leaf colour, plant height after earing, winter resistance, spring growth, summer 
growth, fall growth, heading in the year of planting, disease resistance and heading 
date. Crown rust resistance was scored in the summer of the year of planting, using a 
1 to 9 scale. 
 
Table 2.3: Management of plot B (visual observations) 
 
Cut Dates of cuts 
Fertilisation 
(after winter or after cut) 
kg N-P2O5-K2O /ha 
Observations 
1 19/07/00 67.5-0-0 
2 23/08/00 75-35-110 Year of planting  
3 21/10/00  
Rust resistance, plant type, 
leaf width, ear in first year, fall 
growth 
  80-0-120  
1 05/06/01 75-35-110  
2 30/07/01 67.5-0-0 
3 24/09/01 75-35-110 
Year after 
planting 
4 14/11/01  
Winter persistence, plant 
type, leaf width, leaf colour, 
spring growth, heading date, 
plant height, summer growth, 
rust resistance, fall growth 
2.2.4. Analysis of quality traits 
For the quality analysis, samples of the dried material of each genotype (the pooled 
replicates of each genotypes of plot A) of each harvested cut were ground in a Wiley 
Brabender mill with a sieve mesh of 1 mm. The analyses were performed at ILVO-
Plant, research area Crop Husbandry and Environment (ILVO-Plant TO) that has 
large expertise in NIRS (Van Waes et al., 1998). NIRS was used to determine DMD, 
N content and WSC. Even though the laboratory already possessed calibrations for 
the different traits in Italian ryegrass (except for WSC), specific calibration for each 
trait was developed from wet chemistry analysis of selected samples (8%) of the trial 
itself. Such specific calibration is necessary to integrate the specific variation present 
in the studied populations and to enhance the accuracy of the analyses. 
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The WSC was measured using a redox iodometric titration method derived from the 
methods of Somogyi (1945) and Wiseman (1960). The dry matter digestibility (the 
enzymatic non-hydrolysable dry matter) was determined after pepsin pre-treatment 
according to Jones and Hayward (1975). The Kjeldahl method was used for the N 
content determination. CP was calculated as 6.25 x N content. The results were 
expressed on an absolute dry matter base (therefore the absolute dry matter was 
determined by sample heating at 103°C). The cut performed in the year of planting 
was used as preliminary test for the analyses.  
2.2.5. Data analysis 
A number of derivate values were computed from the original data set. The dry 
matter content (DM) was calculated for each cut from the fresh and dry matter yields. 
The total fresh yield, the total DMY and the arithmetic means for DM content (DM), 
CP content of dry matter (CP), WSC content of dry matter (WSC) and DMD for the 
five cuts during the year after planting were calculated. The weighted means (taking 
into account the DMY of each cut) of the five cuts were calculated for DM, CP, WSC 
and DMD. 
Genotypes with one or more missing values or extreme values from the yield plot 
were excluded from the statistical analyses. Seeds produced from self-pollination 
were detected in populations C1 and C2 by fingerprinting the DNA material with the 
microsatellite and STS markers (see chapter 3). These offspring plants were 
eliminated from the study, starting from the phenotypic analysis. Table 2.4 gives the 
number of remaining plants for each cross after exclusion of plants resulting from 
self-pollination and plants presenting missing values. 
All statistical calculations were performed using the software SPSS 11.1.5 (Norusis, 
2002). Averages and coefficients of variation per population and per cut were 
calculated. Correlation coefficients between traits were calculated (non-parametric 
coefficient of Spearman for discontinue data and parametric coefficient of Pearson for 
continuous data). Univariate analysis of variance was conducted considering the 
factors population and cut for the different traits. Finally, the distribution of the traits 
was considered for each population and for each cut. Deviation from normality was 
evaluated by comparing the mean to the median, by examining the frequency 
histograms and by looking at the Skewness and Kurtosis values. Data 
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transformations (log-transformation) were applied when necessary and normality of 
distribution was re-checked. 
2.3. Results and discussion 
2.3.1. Self-pollination in ryegrasses 
Eleven offspring plants produced from self-pollination were detected in populations 
C1 and C2 and were subsequently eliminated from the study (table 2.4). Looking at 
the phenotypic data, one could already see that these plants also presented very low 
DMY. 
 
Table 2.4: Number of genotypes in statistical analysis of phenotypic data 
Pop. Parent 
No. of 
individuals on 
the field 
No. of individuals 
issued of self- 
pollination 
No. of individuals 
with missing or 
extreme values 
No. of individuals 
in statistical 
analysis 
A 55 1 1 53 C1 
B 54 7 2 45 
98 
C 55 3 0 52 C2 
D 55 0 0 55 
107 
E 55 0 0 55 C3 
F 55 0 2 53 
108 
G 55 0 1 54 C4 
H 55 0 2 53 
107 
Total  439 11 8 420 
 
Ryegrasses are known to be cross-pollinators with a high degree of self-
incompatibility. Nevertheless, a pseudo-self-compatibility allows self-pollination to 
occur; yielding a small amount of selfed-seeds (Fearon et al., 1983 b). This is 
certainly important for mapping studies and QTL analysis purposes since results can 
change when including genotypes produced from self-pollination in the segregating 
populations. In our case, the exclusion of such genotypes changed the genetic 
linkage maps obtained especially in population C1 (results not shown).  
Individual plants vary with respect to their pseudo-self-compatibility depending on 
both genetic and environmental factors (Fearon et al., 1983 b) and the identification 
of crosses susceptible to self-pollination, based on the average seed yield, is still 
difficult. Our experience is in agreement with this statement. The percentages of 
selfed-seed detected in our populations produced from pair-crosses were 0.55% for 
parent A, 3.78% for parent B, 1.65% for parent C and 0% for the other parents (table 
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2.5). These percentages indicate that parent B has the highest self-compatibility and 
that parents D, E, F, G and H tend to be completely self-incompatible. This was not 
totally confirmed by the results obtained by forced self-pollination in isolation cells 
(year 2001) for each parent (table 2.5): on parents D and E the highest seed yield 
was obtained while parent B came only in the third place and parent A presented the 
lowest seed yield. In the same way, when looking at the seed yield obtained in the 
pair-crosses (year 1999) per parent, no good correlation appears with the percentage 
of selfed-seeds detected. However, genotypes presenting the highest seed yield after 
self-pollination (B, C, D and E) were also the genotypes with the lowest seed yield in 
the pair-crosses.  
 
Table 2.5: Summary of seed production for the eight parents in pair-cross (1999) and in self-
pollination (2001) 
Population Parent Seed yield obtained in paircross (g) 
% of individuals from self-
pollination in pair-cross 
Seed number obtained 
in self-pollination 
A 3.6 0.55 24 C1 
B 0.5 3.78 520 
C 1.4 1.65 435 C2 
D 0.8 0 660 
E 1.5 0 1100 C3 
F 3.1 0 58 
G 1.6 0 43 C4 
H 2.0 0 43 
Mean   1.8 0.75 360.4 
 
The growth conditions of plants influence seed production. In our study, the seed 
production was higher for some parents after self-pollination (year 2001) than in pair-
crosses (year 1999). This could be explained by the different years of experiments 
leading to different experimental conditions (non-regulated conditions). Studies have 
shown that temperature at flowering time can strongly influence pseudo-
selfincompatibility. More self-pollination is usually obtained at higher temperatures 
(Wilkins and Thorogood, 1992). This could explain the relatively high rates of self-
pollination in the crossing cells. In addition to L. multiflorum being a non-persistent 
species, the age difference (two years) of plants used in the pair-crosses and self-
pollination might be determining factors.  Other factors of influence in our study might 
be the number of plants fingerprinted per parent (55 or 54 which is low) and the 
probability that plants produced from self-pollination were eliminated at the start of 
the present study (very weak plants in trays were not considered or died).  
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Based on phenotypic observations, plants resulting from self-pollination can also be 
identified but with difficulty. Inbreeding depression causes a loss of plant vigour and 
the occurrence of albino plants, but pair-crosses or multiple crosses can also lead to 
such inferior genotypes. In our trial, the eleven self-pollinated genotypes identified 
ranged among the lowest yielding genotypes, but were grouped together with other 
genotypes effectively produced from the true cross of the two parents.  
In the present study, only the fingerprinting of the genotypes with co-dominant 
markers allowed the detection of plants produced from self-pollination (see chapter 
3). 
2.3.2. Analysis of the phenotypic data 
The frequency distributions over the four populations and over the five cuts, as well 
as for the means of the populations and of the cuts, were evaluated for DMY (in 
g/plant), DM (in g kg-1), CP (in g kg-1), WSC (in g kg-1) and DMD (in %), as well as for 
some visually observed data. As an illustration, part of these distributions is 
presented in figure 2.3. 
Most distributions of the yield and quality data were close to normal continuous 
distributions, especially when considering the means of the populations and/or of the 
cuts. However, some deviations were observed for a few traits, generally due to the 
presence of quite extreme values for certain cuts of certain populations. DM and CP 
presented more deviation than other traits. Population C3 presented distributions 
very close to normality, while population C4 presented more cases of deviation than 
the other populations. Also weighted and arithmetic means (for the five cuts) of the 
different traits presented very similar distributions, close to normality, and only mean 
CP of population C4 deviated from normality. The visually observed traits (table 2.2), 
such as crown rust resistance for example, also showed mostly normal, 
discontinuous distributions. In the case of non-normal distributions, the log 
transformations of data never brought the skewness and kurtosis values down to 
values corresponding to those of normal distributions. 
Analysis of variance was conducted considering the factors population and cut on the 
original values of the DMY, DM, CP, WSC and DMD. In all cases, the two factors 
(population and cut) had significant effect (P<0.001). Interaction between “population” 
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Figure 2.3: Illustration of the frequency distributions for DMD (cut 1, cut 3 and total of cut 1 to 
cut 5) and summer growth for all four populations (C1-C4) and for populations C1 and C3 
and “cut” was found to be significant (P<0.001) for all the studied traits. The 
coefficients of variation of the experiments were in an acceptable range, namely 
11.8% for DMY, 5.0% for DM, 6.7% for CP, 7.3% for WSC and 3.0% for DMD. 
Table 2.6 presents the means and coefficients of variation of the different traits for 
the five cuts of each of the four populations separately, as well as for the mean of the 
traits for each population. Figures 2.4 and 2.5 show the means and standard 
deviations of the DMY, CP, WSC and DMD for the five cuts of each population. 
Averages and coefficients of variation for each cut for the four populations together 
were also investigated (table 2.7). The means values obtained for the different traits 
in our L. multiflorum populations were in the range of what was expected for 
ryegrass. The evolution of these values through the different cuts was usually in 
accordance with common knowledge. CP and WSC followed opposite tendencies: 
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while CP first decreased and then increased. WSC first increased and then ended up 
at a very low value at the last cut. WSC was relatively low at the first cut, high at cut 2 
and cut 3, and went down only at cuts 4 and 5. This was different to the two waves 
curve described in the literature (Humphreys, 1994). DMD were high for the two first 
cuts and were much lower for the following cuts due to a higher number of stems and 
ears present. The same trend over the cuts was observed in the four populations, 
even though some significant differences between the different cuts of the different 
populations were observed. In all four populations, cut three had the highest DMY 
and the highest DM (this could be explained by the presence of more developed ears 
caused by a longer cut interval due to weather conditions). 
In addition, DMY had higher coefficients of variation within population than other 
traits, while the variation for DMD was the lowest, as expected (table 2.6). The 
coefficients of variation for DMD were in the range of what can be found in the 
literature for perennial ryegrass (Humphreys, 1989 c; Beerepoot et al. 1994; De 
Vliegher and Carlier, 1994; Wilkins, 1997). Variation of WSC is greater than for CP 
and DMD, as found by Humphreys (1989 c) for perennial ryegrass. The coefficients 
of variation for WSC were in the range of those obtained by Humprheys (1989 c) and 
Turner et al. (2005). The coefficients of variation for CP were close to those obtained 
by Humphreys (1989 c) and Frandsen (1986). The variation for DM was low but 
higher than that for DMD.  
The coefficients of variation presented differences between cuts for all the traits and 
populations. Cuts presenting highest and lowest variation were variable for the 
different traits, but in general, there was consistency between the different 
populations. When considering the factor population, only population C1 was 
significantly higher than the other populations for total DMY (for the mean of the five 
cuts). All four populations were significantly different for mean CP. For mean WSC 
and for mean DMD, populations C2 and C4 were not significantly different and 
presented the highest values. For mean DM, populations were significantly different 
except for C2 and C3. When considering weighted means of the different traits, 
means and ranking changed only slightly: C1 and C2 were not significantly different 
for mean DM and C1 and C3 were not significantly different for mean DMD (results 
not shown). Considering the factor cut, significant differences were observed 
between most cuts (for the mean of the four populations), with a few exceptions.  The 
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Figure 2.4: Means and standard deviations of the DMY and CP for the five cuts of the four 
populations 
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Figure 2.5: Means and standard deviations of the WSC and DMD for the five cuts of each 
population 
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evolution of the traits over the cuts was the same as for each population separately. 
2.3.3. Maternal effect of the seed parent 
Maternally inherited crown rust resistance has been identified in a L. multiflorum 
cross by Adams et al. (2000). The presence of any maternal effect for yield or quality 
traits in the present study would be interesting to identify. Using a simple T-test, the 
values (DMY, CP, WSC and DMD) obtained by plants issued from the subgroup of 
seed harvested from one mother of a cross were compared to the values obtained by 
plants produced from the other mother of the same cross. For most traits in the 
different populations, no significant differences indicating a maternal effect were 
highlighted. Exceptions were CP in C1, DMD in C2 and DM in C2 and C4. The 
differences were significant but small. Similar results were obtained from analysis of 
variance on the means of the traits for each subgroup of the populations. In addition, 
no important and regular tendency of a maternal effect was observed for the studied 
traits when simple scatter plots were drawn.  
2.3.4. Correlation between the studied traits 
Correlation coefficients (r) between traits, considering the four populations and the 
five cuts (total weight for DMY and arithmetic means for other traits), are detailed in 
table 2.8. Most r-values observed were relatively low and inconsistent over the 
different populations, except for correlation of WSC with CP and with DMD that were 
relatively high and consistent across the four populations. The difference between 
populations might partly be explained by differences in heading dates. Population C1 
and C2 had on average the earliest heading date (17-18 May). Population C4 
headed on average three days later than C1 and C2; this difference for C3 was 
seven days. All populations were cut on the same day for the different cuts and thus 
were not exactly the same development and heading stage. However, the variation in 
heading dates observed was low as usual for L. multiflorum, (much smaller than for 
L. perenne).  
The correlations were compared with the various publications for ryegrass and other 
grasses cited in the introduction. Significant high positive correlations of WSC with 
DMD were found in all populations. This is in accordance with the results published 
for perennial ryegrass by  Frandsen  (1986),  Humphreys  (1989 c)  and  Radojevic et 
 45
Chapter 2 
 T
ab
le
 2
.8
: P
ea
rs
on
 c
or
re
la
tio
n 
co
ef
fic
ie
nt
 fo
r p
op
ul
at
io
ns
 C
1 
to
 C
4 
ov
er
 th
e 
fiv
e 
cu
ts
 (t
ot
al
 w
ei
gh
t f
or
 D
M
Y
 a
nd
 a
rit
hm
et
ic
 m
ea
ns
 fo
r o
th
er
 tr
ai
ts
) 
fo
r t
he
 d
iff
er
en
t t
ra
its
 s
tu
di
ed
 
D
M
Y 
D
M
 
C
P 
W
SC
 
 
C
1 
C
2 
C
3 
C
4 
C
1 
C
2 
C
3 
C
4 
C
1 
C
2 
C
3 
C
4 
C
1 
C
2 
C
3 
C
4 
D
M
Y 
1 
1 
1 
1 
 
 
 
D
M
 
0.
18
 
0.
26
**
 
-0
.0
3 
-0
.3
1*
* 
1 
1 
1 
1 
 
 
C
P
 
-0
.4
3*
* 
-0
.2
3*
 
-0
.1
6 
-0
.2
9*
* 
-0
.4
8*
* 
-0
.5
1*
* 
-0
.3
2*
* 
-0
.0
8 
1 
1 
1 
1 
 
W
SC
 
0.
05
 
-0
.0
4 
0.
01
 
-0
.1
4 
0.
32
**
 
0.
25
**
 
0.
43
**
 
0.
06
 
-0
.5
0*
* 
-0
.6
9*
* 
-0
.6
7*
* 
-0
.4
1*
* 
1 
1 
1 
1 
D
M
D
 
-0
.4
1*
* 
-0
.3
6*
* 
-0
.1
0 
-0
.2
0*
 
-0
.3
5*
* 
-0
.4
0*
* 
0.
16
 
-0
.3
3*
* 
0.
23
* 
0.
06
 
-0
.3
6*
* 
0.
02
 
0.
59
**
 
0.
57
**
 
0.
86
**
 
0.
76
**
 
N
ot
es
: D
M
Y=
 d
ry
 m
at
te
r y
ie
ld
, D
M
= 
dr
y 
m
at
te
r c
on
te
nt
, C
P
= 
cr
ud
e 
pr
ot
ei
n 
co
nt
en
t, 
W
SC
= 
w
at
er
-s
ol
ub
le
 c
ar
bo
hy
dr
at
es
 c
on
te
nt
, D
M
D
= 
dr
y 
m
at
te
r d
ig
es
tib
ili
ty
 
**
. C
or
re
la
tio
n 
is
 s
ig
ni
fic
an
t a
t t
he
 0
.0
1 
le
ve
l 
*.
 C
or
re
la
tio
n 
is
 s
ig
ni
fic
an
t a
t t
he
 0
.0
5 
le
ve
l 
 46 
Study of yield and quality traits in F1-populations 
al. (1994). Significant relatively high negative correlations of WSC with CP were 
found in all populations. Humphreys (1989 c) also observed such negative correlation 
for perennial ryegrassbut results were variable. Frandsen (1986) found a positive 
correlation for perennial ryegrass and a negative one for cocksfoot. DMY had no 
significant correlation with WSC in all four populations. Previous studies have shown 
that the relation between these traits is variable (Humphreys, 1989 c; Radojevic et 
al., 1994; Smith et al., 1998; Hopkins et al., 2002). Three of our populations showed 
significant negative correlations (with low to medium r-values) of DMY with DMD. 
Most studies have reported such negative correlations between these two traits 
(Frandsen, 1986; Posselt, 1994; Oliveira and Castro, 1994), while Reheul and 
Ghesquiere (1994 b) and Beerepoot et al. (1994) did not. Variable relationships were 
found in our populations between CP and DMD and if a significant correlation 
appeared, it was relatively low. Frandsen (1986) and Humphreys (1989 c) observed a 
significant positive correlation for perennial ryegrass. Correlations between DMY and 
CP were negative in three of our populations (with low to medium r-values). Negative 
correlations were often found in previous studies between these traits (Humphreys, 
1989 c; Wilkins, 1997; Baert et al., 1999) particularly at low N fertilizing levels. 
Considering the four populations together, DMY showed no significant correlation 
with DM and CP had no significant correlation with DMD. In both cases, the lack of 
correlation was due to the different results in the four populations. Despite the 
differences between populations, for the four populations together significant 
negative correlations were found for CP with DMY and DM, and for DMD with DMY 
and DM. Significant positive correlations were found for DM with WSC. The relatively 
low value of these r-coefficients was partly due to a different value for either 
population C3 or C4. 
Highly significant correlations were found between the arithmetic and weighted 
means of DM, CP, WS and DMD (results not shown). In a majority of the cases 
(considering populations separately or the mean of the four populations) r coefficients 
of the weighted means of traits were slightly higher than for the arithmetic means. 
Most of these cases concerned correlations between total DMY with other traits and 
can be explained by the integration of yield in the calculation of the weighted means 
of these other traits. On the opposite, a non-negligible number of r-coefficients 
between arithmetic means of traits were slightly higher than between weighted 
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means. This was usually the case for correlations between DM and DMD and 
between WSC and DMD.  
Correlations taking each cut separately were also considered. For the four 
populations together, CP had high to medium significant negative correlation with 
WSC content and DMY, for all five cuts. DMD and WSC also had high positive 
correlations for all cuts. For the other correlations, variation in tendencies was 
observed from one cut to another cut. 
2.3.5. Correlation with other observed traits  
Correlations within the visually observed discontinuous traits and between these and 
the yield and quality traits already discussed were also studied (as described above). 
Results are not shown in detail but remarks and comments will be given in the 
present paragraph. Differences in coefficient ranges and significance of correlations 
were observed for the different populations, for the four populations together and for 
the results of the different cuts of the yield and quality traits. Most r-values observed 
were relatively low (r between -0.4 and 0.4). Good significant (P>0.01) correlations (r 
from 0.35 to 0.65, for the four populations together) between the visually scored 
growth parameters (early spring growth, spring growth, summer growth and fall 
growth) were obtained. Summer growth presented the highest significant correlation 
coefficient (r =0.8) with the computed parameter ‘growth sum’ (sum of all growth traits 
scored). A significant positive correlation between DMY (total and cut one to five) and 
the visually observed growth parameters as well as ‘growth sum’ was usually 
obtained (although r-values were never higher than 0.4). In the same way, the 
number of stems (observed before cut three) was positively correlated with mean 
DMY (r = 0.6), while it was negatively correlated with mean DMD (r = -0.51), mean 
CP (r = -0.23), and mean WSC content (r = -0.21). Heading date was positively 
correlated with DMD of cut four and five (but not for mean DMD) and with CP (for 
mean and cut three to five); while slightly negatively correlated with WSC content (for 
mean and cut one to four). Rust resistance observed on the field was not correlated 
with any of the yield and quality traits and showed a slight negative significant 
correlation (r = -0.24) with ‘growth sum’. This is in contradiction with the negative 
correlation between DMY and resistance to crown rust found by Reheul and 
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Ghesquiere (1996), as well as with the expectation that rust sensitivity would reduce 
WSC and DMD (Wilkins and Humphreys, 2003). 
2.3.6. Selection and self-pollination of elite F1-genotypes 
DNA markers linked to the traits were identified from the correlation of the phenotypic 
data and the fingerprints of the F1-individuals (see chapter 4). However, the chosen 
MAS strategy included the generation of S1-populations produced from the self-
pollination of elite F1-genotypes. The MAS took place within these S1-populations, in 
which individuals should present a higher homozygosity than the F1-individuals. In 
this way, we aimed to amplify the effect of MAS. 
In addition, one objective of the study was to generate through MAS valuable 
material that might lead to the creation of new varieties. Therefore, genotypes with 
simultaneous high yield and high quality value were identified. The possibility of 
simultaneous selection for the different criteria was evaluated. When selecting 
genotypes higher than the population mean plus one standard deviation for DMY and 
WSC content, only 2.0% of plants were selected. The result for DMY and DMD was 
0.5% of the plants. Also, only 0.5% of the plants were retained for combined positive 
selection for DMY and CP. Selection for DMY and low CP resulted in 4.7% of the 
plants being selected. The low percentages can be explained by the negative 
correlations of the traits or by the variation of these correlations through the cuts. 
Combining more than two criteria greatly reduces the percentages of selected plants. 
A simultaneous filter on high DMY, high WSC, and low CP still allows selection of 
1.7% of the plants. 
We were able to identify 24 genotypes in the four F1-populations fitting different 
criteria (table 2.9). Four groups of genotypes were selected on the basis of high 
DMY, high CP, high WSC and high DMD. In addition, all these genotypes had to fulfil 
the following conditions: field rust score lower than 4, DMY in the top 20% of all 
populations, and DMD, WSC and ‘growth sum’ higher than the mean of all 
populations. In this way, one common plant was selected for WSC and DMD from 
population C4. Each of the selected genotypes was placed in isolation cells 
(described above for pair-crosses) for self-pollination. Except for one genotype, 
sufficient seed yields were obtained from the selfings and 23 S1-populations were 
finally available for further experiments.  
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Table 2.9: Number of F1-individuals selected from each population (C1 to C4) for each of the 
different criteria for selfing 
Trait C1 C2 C3 C4 
DMY 4** 1 2 1 
CP - 1 2 1 
WSC 3 6 - 1* 
DMD - 1 - 2* 
Notes: *. One plant in common for WSC and DMD 
 **. One plant gave very few seeds after self-pollination 
2.4. Conclusions 
Four F1-populations of L. multiflorum produced from the pair-crosses of eight 
different elite clones were selected and phenotyped for yield and feeding quality (five 
cuts, during the year after sowing). The data gathered were statistically analysed and 
F1-genotypes were selected for self-pollination. 
As mentioned, experimental conditions influence the phenotype observed and 
replication of experiments in time and location helps to avoid false conclusions. Two 
clones of each genotype were placed in field trials. However, only one location was 
included in our trial and no repetitions in time were performed. As always, cost and 
time for conducting the experiments had to be considered. For mapping purposes, 
large populations have to be used. In the present study, one of the main objectives 
was to compare the consistency of results from different mapping populations. 
Therefore, choice was made to consider four populations at a single location.  
In addition, L. multiflorum is a non-persistent grass loosing most of its vigour after two 
years. Large differences in growth and other traits appear in a plant between the 
sowing year and the year after sowing. The cloning of a plant may lead to a regain of 
vigour but such a cloned plant is still not comparable with the original young plant 
and the history of the plant is still determining. For this reason, the parents of the F1-
populations (well-characterised cloned plants, four years old) did not generate 
reliable data in the trials and the heritability of the traits could not be calculated. 
Even though ryegrasses are cross-pollinators, small percentages of self-pollination 
still occur in outcrossing. In two of the F1-populations, plants produced from the self-
pollination of parents were detected (after fingerprinting, see chapter 3). These plants 
were excluded from further analysis, as well as plants with missing data. 
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As illustrated in the literature study, most knowledge on yield and quality of 
ryegrasses originates from studies on L. perenne and conclusions are sometimes 
contrasting. The phenotypic data were obtained from L. multiflorum F1-populations 
and were gathered on individual plants (which might give different results to 
experiments analysed on a whole-plot basis). However, the means obtained for the 
different traits, their coefficients of variation and their correlations were generally in 
accordance with published data. DMY had higher coefficients of variation than other 
traits, while the variation for DMD was the lowest for the traits measured. As 
expected, high positive correlations between WSC and DMD were found, as well as 
relatively high negative correlations between CP and WSC. Most data distributions 
were close to normal continuous distributions. In all cases, the two factors (population 
and cut) had significant effect (P<0.001). Interaction between “population” and “cut” 
was found to be significant (P<0.001). No maternal effects of the seed parent were 
detected for the traits studied. 
The four F1-populations appeared to differ in various ways for the studied traits. This 
is summarised in table 2.10. Comparison of the results from different populations was 
one of the main objectives of the present study. The conclusion was that all four 
populations should be used further in the mapping and QTL analysis. For DMD, 
Reheul and Ghesquiere (1994 a, b) concluded that analysing all cuts provides the 
most reliable results. The different cuts performed in the populations also brought 
variation in ranking for yield and quality. Thus, all cuts should be integrated in the 
later QTL analysis. 
 
Table 2.10: Summary of the characteristics of the four populations C1 to C4; for each trait, 
populations with the same letter have similar means or coefficients of variation; the letter ‘a’ 
stands for the highest values 
C1 C2 C3 C4 
Trait 
Mean CV % Mean CV % Mean CV% Mean CV % 
DMY a a b b b c b c 
CP d a c b a b b b 
WSC b b a c c a a d 
DMD c a a b b b a b 
 
Based on the phenotypic observations, selections towards high values of the different 
traits were performed. Twenty-four elite F1-genotypes were chosen and self-
pollinated to generate S1 populations. These S1-populations, in which individuals 
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should present a higher homozygousity than the F1-individuals, will undergo MAS 
(chapter 6). 
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CHAPTER 3 
FINGERPRINTING AND SEGREGATION ANALYSIS 
 
 
 
Objectives 
The objective of the present chapter is to identify polymorphic markers in the 
segregating F1-populations. Therefore, all F1 individuals and the parental genotypes 
were fingerprinted using dominant and co-dominant markers. The choice of 
techniques applied was guided by the purpose of the study, the availability of 
markers and the expertise of our laboratory. Since the ultimate goal of the study is 
the evaluation of a strategy for effective application of MAS within a feasible breeding 
and selection scheme, preference was given to non-time-consuming techniques, 
which required low amounts of DNA and generated a large number of markers. AFLP 
was chosen to rapidly generate a large marker set. SSR and STS markers were 
included as co-dominant anchor points for mapping and also because they consume 
little time once developed. The primer combinations available for ryegrasses in our 
laboratory at the time of the present experiments were applied for these two co-
dominant marker techniques. In the first part of this chapter, a review of marker 
techniques available today is given with mention of their advantages and 
disadvantages and their applications in ryegrasses. The marker techniques used in 
the present study will be detailed and their efficiency to deliver polymorphic markers 
in our L. multiflorum populations will be evaluated after segregation analysis. 
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3.1. Introduction 
3.1.1. Molecular marker techniques 
In recent years, molecular markers have been used extensively in genetic studies of 
many plant species and for diverse applications such as genetic diversity analysis, 
genotype identification, mapping studies and QTL analysis. The RFLP technique was 
the first DNA marker technique developed (Botstein et al., 1980). Development of 
various types of polymerase chain reaction (PCR)-based marker systems and the 
invention of high-throughput genotyping instruments have created the opportunity to 
use molecular markers as practical tools for plant breeding (Wang et al., 2001). 
These PCR-based techniques require less DNA (~50ng) and are adapted to non-
radioactive detection. The most commonly used are AFLP, SSR and STS. The latest 
developments in markers have focused on detection of functionally associated 
variation that should allow closer association with the triggering loci than anonymous 
genetic markers (Faville et al., 2004). 
3.1.1.1.  RFLPs 
RFLPs (Restriction Fragment Length Polymorphisms) are revealed by a 
hybridisation-based technique involving restriction of genomic DNA followed by 
separation of the fragments through electrophoresis in a gel matrix. The fragments 
are transferred and fixed onto a membrane by Southern blotting and then hybridised 
with a (often radioactively) labelled probe. Probes are usually short (500 to 3000 bp) 
cloned cDNA or genomic DNA fragments or synthetic oligonucleotide fragments. 
RFLPs are usually attributable to changes in non-coding sequences flanking the 
gene or to internal intron variation, and may be associated with DNA rearrangements 
generated by transposable genetic elements (Faville et al., 2004). The first 
advantage of the technique is the co-dominant nature of the generated markers, 
which means that heterozygous loci can be distinguished from homozygous loci. 
Other advantages of RFLP markers include their reliability, the good genome 
coverage and the transferability of map information to different mapping populations 
or to related species (Inoue et al., 2004). Besides the large amount of genomic DNA 
needed (5-10 µg) and the radioactive detection of fragments, the main disadvantage 
of the technique is its high labour dependency rendering it unpractical for routine 
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mapping or large scale MAS (Jones et al. 2001). One of the first linkage maps 
published in ryegrass (Hayward et al., 1998) included RFLPs together with RAPDs 
and isozyme markers. 
3.1.1.2.  RAPDs 
The first PCR-based technique developed was RAPD (Random Amplified 
Polymorphic DNA). The technique relies on the use of single, short (usually 10 bp) 
arbitrary oligomers used as primers for PCR-mediated amplification of genomic DNA 
between closely spaced inverted sequences. RAPD markers are scored dominantly, 
which means that the markers cannot discriminate between homozygous and 
heterozygous individuals. RAPD markers have low time and labour requirements, 
have a medium multiplex ratio but may present serious reproducibility problems, 
especially for transfer between populations and experimental facilities (Forster et al. 
2001; Jones et al. 2001). 
3.1.1.3.  AFLPs 
The AFLP (Amplified Fragment Length Polymorphism) technique is based on the 
selective PCR amplification of restriction fragments from a total restriction digest of 
genomic DNA (Vos et al., 1995). Amplified fragments are separated on a sequencing 
gel and visualised by autography, silver staining or fluorescent detection. The 
generated length polymorphism is due to changes in restriction sites, in sequences 
near the restriction sites, or the insertions or deletions between restriction sites. 
Single nucleotide changes can be detected and numerous DNA polymorphisms are 
generated by one primer combination. The number of bands obtained in an AFLP 
fingerprint depends on the restriction enzymes used, the number of selective 
nucleotides added to the primers and the size and complexity of the genome of the 
crop (Vos et al., 1995). In ryegrasses, Roldán-Ruiz et al. (2000) reported the 
amplification of an average of 95 DNA fragments in a single experiment using EcoRI 
and MseI as restriction enzymes and applying 6 selective bases. In addition to this 
high multiplex ratio, the key advantage of the AFLP technique is its high 
reproducibility. The technique requires only small amounts of DNA and no prior 
sequence knowledge (in contrast to RFLP and SSR) (Wang et al., 2001). Usually, 
AFLPs are scored dominantly. Based on signal peak heights, co-dominant scoring is 
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possible but requires adapted software for normalisation of lane-to-lane variations. 
Because of the large number of bands generated, visual manual scoring is time 
consuming, and semi-automated or automated methods, with the use of specific 
software have been developed (De Riek et al., 1999). 
AFLPs have widely been applied to different crop species for several purposes in 
plant breeding (Wang at al., 2001). Roldan-Ruiz et al. (2000) used AFLP markers to 
distinguish varietal differences in ryegrasses. Zhang et al. (1999) assessed the 
genetic diversity of bermuda grass (Cynodon spp.) genotypes and were able to 
identify three clusters that agreed with known breeding histories. Bert et al. published 
the first high-density AFLP map in L. perenne in 1999. In mapping studies that 
followed, AFLPs were commonly used to rapidly generate a dense backbone of 
markers on which other markers were placed (Inoue et al., 2004). Generally, AFLP 
markers are distributed throughout the genome, although clustering in centromeric 
regions has been reported (Waugh et al., 1997), as well as variation in function of the 
type of sequence that generated the marker (primer combination) (Barnes et al., 
1996). AFLPs are also very useful in Bulk Segregant Analysis (BSA), where DNA 
from individual plants with divergent phenotypes are bulked to rapidly screen for 
molecular markers tightly linked to the locus of interest (Michelmore et al., 1991; 
Muylle et al., 2005 a). For marker assisted breeding, it is often necessary to convert 
the AFLP fragments into other more directly applicable types of PCR markers (e.g. 
Sequence Characterised Amplified Regions, SCARs) (Wang et al., 2001).  
3.1.1.4.  SSRs 
A further PCR-based marker system is the SSR (Single Sequence Repeat, also 
called microsatellite) technique. SSRs are short stretches of tandem repeated di-, tri- 
or tetranucleotide motifs (which make part of the large proportion of repetitive DNA 
elements found in the genome of higher eukaryotes) (Weising, 1991). SSR 
polymorphisms are generated by variation in the number of repeat units, probably 
because of slippage during the DNA replication (Jones et al., 2001). The variation in 
length can be monitored with conserved PCR primers developed to anneal to the 
non-repetitive flanking regions. Kubik et al. (1999) demonstrated that perennial 
ryegrass contains numerous SSR loci but suggested that they might be less 
abundant than in some other plant species. Jones et al. (2001) optimised the 
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enrichment methods and isolated a large number of SSRs in L. perenne, but the 
primer sequences of only ten markers are published and freely available. Hirata et al. 
(2006) developed SSR markers for Italian ryegrass from an enriched library. Other 
research institutes have developed SSRs in Lolium and the sequences of some of 
them are available in the public domain (Inoue and Cai, 2004; Warnke et al., 2004; 
Studer et al., 2006). In a collaboration of four European institutions (DIAS in 
Denmark, DLF-Trifolium in Denmark, ILVO-Plant in Belgium and INRA in France), the 
sequence, characterisation and mapping of a public reference set of 76 SSR markers 
in L. perenne has recently been published (Jensen et al., 2005 b). 
Several features make SSRs useful genetic tools (Forster et al., 2001, Wang et al., 
2001). First, they are ubiquitously distributed throughout genomes. Second, they are 
co-dominant and multi-allelic. Third, they can be assayed on automated DNA 
sequencers, making them relatively easy to score. Finally, SSRs are highly 
polymorphic and highly reproducible. For these reasons, SSR polymorphisms are 
extensively used as genetics markers for genetic mapping, marker assisted breeding, 
diversity measurements or genotype assignment. In important crops such as maize, 
they have become the marker system of choice (Vaz Patto et al., 2004). In perennial 
ryegrasses, Kubik et al. (2001) identified SSRs highly effective for differentiating 
among cultivars. In genetic mapping, SSRs have largely replaced co-dominant RFLP 
markers and in ryegrasses, several genetic maps containing SSRs have been 
published. SSRs are suitable for framework mapping as they are reproducible within 
the same species and map to the same location in different crosses (Jones et al., 
2001; Jensen et al., 2005 b). Often primer pairs designed to amplify SSR loci are 
species-specific which hamper their use for comparative mapping. This is due to the 
high variability in the flanking sequences surrounding the SSR site. However, SSRs 
developed in L. perenne by Jones et al. (2001) showed cross-species amplification in 
a number of related pasture and turf grass species. There were high levels of 
transferability to other Lolium species (L. rigidum and L. multiflorum) and slightly 
lower levels of amplification in members of the related genus Festuca. The SSR 
markers developed by Saha et al. (2007) from tall fescue also produced amplification 
and polymorphism in different forage, cereals and turf grass species. Dirlewanger et 
al. (2002) tested amplification of SSRs developed in peach within the Prunus 
species, in other Rosaceae genera (apple and strawberry) and species not in the 
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Rosaceae genera (chestnut tree, walnut tree and grapevine). Some SSRs gave 
amplification on all tested Prunus species, some on all Rosaceae species and some 
on all species tested. 
The main drawback to SSRs is that their isolation, characterisation by cloning and 
sequencing of genomic DNA is expensive and time consuming. For long, another 
disadvantage of SSRs was their relatively low multiplex ratio (Kubik et al., 2001) but 
higher multiplex ratios are now possible. Only a limited number of SSRs developed in 
grasses were in the public domain at the time this research was started. Recently, a 
number of new publications have provided the sequences of their SSR primer sets 
(Faville et al., 2004; Inoue et al., 2004; Warnke et al., 2004; Studer et al., 2006; 
Jensen et al., 2005 b). 
3.1.1.5.  STSs 
A STS (Sequence Tagged Site) is a short, unique genomic sequence that is amplified 
by locus specific primers designed from genomic or expressed sequences. In the last 
case, they are called “ESTs” (Expressed Sequence Tags, see point 3.1.1.6). 
Typically, sequences used for the generation of STS markers include genomic DNA 
clones and complementary DNA (cDNA) clones previously characterised via 
Southern analysis (i.e. RFLP probes) (Taylor et al. 2001). Other methods involve the 
construction and the sequencing of DNA or cDNA libraries and the design of specific 
primers. In recent years, the focus has been on the development of STS primers from 
known expressed sequences and on the detection of loci with gene information. Co-
dominant STS markers have the advantage over RFLP markers that a large number 
of samples can be handled economically and easily. In addition, they are very 
important tools for converting a genetic linkage map to a physical map. Standard STS 
landmark marker sets have been generated for several important crops such as rice 
and barley (Inoue and Cai, 2004).  
In ryegrass, several research groups have developed STS markers. Lem and 
Lallemand (2003) published the sequence of STS markers tagging potentially 
expressed sequences they developed from Lolium sequences as well as from 
consensus sequences from related Gramineae species. Therefore, primer pairs in 
exon sequences, which are supposed to be conserved among related species, were 
designed in order to amplify the target polymorphic intron region. Sixty two percent of 
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the developed STS markers revealed a high level of polymorphism with an average 
of five alleles per locus and 81% amplified successfully across 20 related grass 
species. Inoue and Cai (2004) converted genomic RFLP markers of Italian ryegrass 
to STS markers. Respectively 85%, 70% and 82% of the 67 developed STS primer 
pairs could amplify in the related species perennial ryegrass, meadow fescue and tall 
fescue. Forty percent of the primers detected within-cultivar length polymorphism or 
presence-absence polymorphism. From the 21 STS primers pairs, originating from 
barley, Triticum tauchii and Phalaris coerulescens, tested by Taylor et al. (2001), 11 
successfully amplified homologous sequences in L. perenne. At ILVO-Plant, a cDNA 
library of L. perenne was screened for sequences showing interesting homologies 
with DNA sequences with known gene function; 44 primer pairs spanning introns 
were designed and revealed a high number of length polymorphism in L. perenne 
and L. multiflorum plants (Muylle et al., 2003). A number of the STS markers from the 
above mentioned studies were mapped (Taylor et al., 2001; Muylle et al., 2003). 
Taylor et al. (2001) and Inoue and Cai (2004) published the sequences of the STS 
primer sets used in their studies. 
3.1.1.6  ESTs 
Detection of molecular variation in genes, underlying specific biochemical or 
physiological functions (“functional gene approach”) provides a new generation of 
molecular markers for forage species. Collection of ESTs from randomly selected 
cDNA sequences provides the opportunity for intensive development of these 
functionally associated markers. Therefore, scientists have resorted to ESTs 
generation from cDNAs of model plants (Arabidopsis thaliana) or major crops; 
however, for minor crops such as forage and turf grasses, fewer efforts have been 
made (Wang et al, 2001). Nevertheless, in the recent years EST-derived markers 
have been developed for grasses and some of these markers have been used as 
markers for genetic mapping (Lem and Lallemand, 2003; Taylor et al., 2001; Muylle, 
2003; Muylle et al., 2003; Faville et al., 2004). Faville et al. (2004) reported an EST-
derived unigene collection from perennial ryegrass that could be partly assigned to 
functional categories. 
The first generation of these types of markers involved the use of cDNA fragments as 
RFLP hybridisation probes. More efficient PCR-based approaches followed and EST-
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specific primers have been designed to amplify coding sequences (the already 
mentioned STS primers targeting cDNA). Functionally associated variation may be 
associated to RFLP, SSR polymorphism or single nucleotide polymorphism (SNP) 
resulting in differences in length, restriction sites or conformation. In principle, any 
partial or full-length cDNA corresponding to a functionally defined gene may be used 
to detect RFLP through judicious choice of endonucleases (Faville et al., 2004). Like 
genomic DNA, mRNA transcripts contain SSRs. The large-scale generation of ESTs 
in many plant species makes ESTs an attractive potential source of SSR markers, 
although these SSRs show lower levels of polymorphism than those derived from 
non-coding regions (Wang et al., 2001). 
The advantages of EST markers over ‘anonymous’ markers are true for several 
applications. First, EST markers are more likely to be conserved across species (as 
shown above for the EST-STSs). The location of primer binding sites in coding 
regions that generally present a high degree of sequence conservation is a probable 
explanation for this (Taylor et al., 2001). Information available in one species can be 
a guide for EST marker development in other species. In addition, EST markers from 
one species can be directly mapped in other species. Opportunity is then offered for 
comparative mapping and evaluation of co-location between QTL in different species. 
Second advantage is that the ‘candidate gene-based’ markers should allow a much 
closer association with loci controlling variation of the targeted phenotypic trait than 
with anonymous markers. This close association provides an insight about the 
organisation of expressed genes and about gene evolution (Faville et al., 2004). 
Numerous variants derivate from the different marker techniques presented, but they 
will not be described here since the list would be long and probably not complete. A 
review of published genetic maps and QTL analyses in ryegrass with the different 
marker techniques applied will be given in chapter 4 and 5. 
3.1.2. Segregation analysis 
The fundamental laws of genetics as first formulated by Mendel, state a predictable 
transmission of alleles from a parent to its offspring and a predictable formation of 
genotypes from the transmitted alleles. Segregation distortion defines deviation of the 
observed genotypic frequencies from the expected Mendelian segregation. Distorted 
segregation may occur by chance alone or by genotyping, scoring or statistical 
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errors. However, other possible underlying biological factors have been identified like 
the linkage to a gene affecting viability resulting in differential viability of gamete or 
zygote genotypes, or in differential pollen tube competition (Lorieux et al., 2000; Lu et 
al., 2002). Segregation distortions have been reported in a wide range of species, 
including Lolium. Single locus segregation analysis aims to identify distortions more 
than likely occurring by random fluctuation alone. This is most easily done by 
performing a χ2 (chi-square) good-of-fit test, where the null hypothesis is Mendelian 
segregation. If a marker is distorted because it is linked to a gene affecting viability 
other markers in that region should also display distorted segregation. The spreading 
of distorted markers on the linkage maps is interesting to control. Following Faville et 
al. (2004), the clustering of distorted markers to specific regions indicates the 
occurrence of linkage between markers and distorting factors for which there is 
selectable variation. In ryegrasses, distorted markers have been reported in different 
linkage groups (Hayward et al., 1998; Bert et al., 1999; Jones et al., 2002 a, 2002 b; 
Muylle, 2003; Faville et al., 2004; Inoue et al., 2004) indicating that genes involved in 
generation and survival of the progeny are located on different regions of the 
genome.  
3.2. Material and methods 
3.2.1. Plant material 
The four F1-populations described in chapter 1 and the two parents of each cross 
were fingerprinted. The original numbers of progeny, included to generate the marker 
datasets, were respectively 55, for each parent of the cross, except for parent B for 
which this number was of 54. A subset of plants, including the parents and three 
offspring individuals, was used to preliminary screen the marker techniques and to 
identify useful length polymorphisms (in the case of STS and SSR markers) for each 
population. When uncertainty remained over the polymorphic character of a marker 
within a population, the subset of tested plants was enlarged up to 20 individuals 
before deciding on analysing the whole population or not with this marker. Chosen 
markers were then applied on the whole population. 
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3.2.2. DNA isolation 
Leaf material was collected from the five-month-old F1-individuals before they were 
planted in the field. In the mean time, leaf material from the parental plants was also 
collected. About 5 g of fresh leaf material from each genotype was harvested, 
immediately frozen in liquid nitrogen and subsequently lyophilised for 48 hours. The 
dried material was vacuum-packed and stored at -20°C. For DNA isolation, 
approximately 50 mg of lyophilised material was ground with a Retsch mixer mill 
(type MM200). Genomic DNA was extracted using a modified CTAB protocol (Sigma 
mixed Cetyl Trimethyl Ammonium Bromide) as described by Weising et al. (1991). 
3.2.3. AFLP reactions and analysis 
Selection of primer combinations was based on previous experiences with 
ryegrasses at the laboratory of ILVO-Plant (Muylle, 2003), identifying high quality 
fragments and the presence of polymorphism. The following eight primer 
combinations were chosen for application on our L. multiflorum populations: 
EcoRI+ACG-MseI+CAA (PC1) , EcoRI+ACC-MseI+CAT (PC2), EcoRI+AAC-
MseI+CAT (PC3), EcoRI+ACT-MseI+CAA (PC4), HindIII+TGC-MseI+CTC (PC5), 
HindIII+TGG-MseI+CAT (PC6), HindIII+TCA-MseI+CTG (PC7), HindIII+TCT-
MseI+CAA (PC8). 
AFLP analysis followed the protocol of Vos et al. (1995) with some modifications 
using commercially available kits. Two enzyme combinations were applied: 
HindIII/MseI and EcoRI/MseI (Invitrogen). Genomic DNA (290 ng) was mixed with  10 
mM MgOAc, 10 mM Tris-HCl (pH 7.5), 50 mM KOAc, 2.5 U MseI and 2.5 U EcoRI (or 
HindIII) in a final volume of 25 µl. Restriction (digestion) was performed by incubation 
of the mix for 2 hours at 37°C. Ligation of adaptors (designed to avoid the 
reconstruction of the restriction sites) to the restriction fragments occurred by adding 
25 µl of a mix containing 5 pmol EcoRI adaptor (or HindIII adaptor) (Invitrogen), 50 
pmol MseI adaptor, 9.6 mM ATP, 10 mM Tris-HCL (pH 7.5), 10 mM MgOAc, 50 mM 
KOAc and 1U T4 DNA ligase (Invitrogen) and by incubating for 2 hours at 37°C. After 
ligation, the reaction mixtures were diluted ten-fold with Tris-EDTA buffer (10 mM 
Tris-HCl pH 8.0 and 0.1 mM EDTA). 
Using primers complementary to the EcoRI (or HindIII) and MseI adaptors with an 
additional selective 3’ nucleotide, the pre-amplification step was performed. For that 
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purpose, 5 µl of the diluted ligation mixture was mixed with 45 µl of a solution 
composed of 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 50 mM KCl , 0.2 mM of each 
dNTP’s, 25 ng of each primer (Invitrogen), 1 U Taq DNA polymerase (Applied 
Biosystems). PCR amplifications were carried out in a Perkin Elmer 9600 
thermocycler with the following parameters: 20 cycles of 30 seconds at 94°C, 1 
minute at 56°C and 1 minute at 72°C. After pre-amplification, products were diluted 
10 times with Tris-EDTA buffer. 
For the selective amplification, primers were used with three selective nucleotides at 
the 3’ end, a prolongation with 2 extra selective bases compared to the pre-
amplification round. Amplification mixture contained 3 µl of the diluted pre-
amplification product and 17 µl of a mix composed of 1.35 µl EcoRI (or HindIII) 
fluorescent labelled primer at 1 µM, 1 µl MseI non-labelled primer at 5 µM (Applied 
Biosystems), 1U Taq polymerase (Applied Biosystems), 0.2 µl dNTPs (20 mM each) 
(Amersham Biosciences) and 15µl of 10x PCR buffer (Applied Biosystems). PCR 
amplification was performed in a Perkin Elmer 9600 thermocycler with the following 
conditions: 1 cycle of 2 minutes at 94°C, 30 seconds at 65°C and 2 minutes at 72°C, 
followed by 8 cycles of 1 second at 94°C, 30 seconds at an annealing temperature 
that decreased 1°C per cycle starting at 64°C and 2 minutes at 72°C, followed by 23 
cycles of 1 second at 94°C, 30 seconds at 56°C and 2 minutes at 72°C. Fluorescent 
amplification products were then denaturised by adding a mix of 0.9 µl of formamide 
buffer (Amresco), 0.35 µl Blue dye (Applied Biosystems) and 0.25 µl GS-500 ROX-
labelled size standard (Applied Biosystems) to 1.5 µl of template DNA and by heating 
for 3 minutes at 90°C. Denatured samples (1.5 µl each) were loaded on gels (25 x 36 
cm) containing 5 % polyacrylamide / bisacrylamide 19:1 (Biorad), 7.5 M urea 
(Invitrogen) and 1x TBE. Fragment separation and detection were performed on an 
ABI Prism 377 DNA sequencer (Perkin Elmer). 
The use of fluorescent detection and the addition of the internal size standards in 
each lane enabled automated data analysis. De Riek et al. (1999) have developed 
such an automated method for AFLP analysis. After validation by comparison to 
visual scoring, they successfully have applied the method for several studies (De 
Riek et al., 1999; De Riek et al., 2001; De Riek et al., 2007). The software Genescan 
Analysis 2.1 (Perkin Elmer) was used to estimate detection time, signal peak height, 
signal peak surface and size of each fragment (resolution of 1 bp). Due to lane-to-
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lane variation and differences in the interpolation of the standard, the scoring of the 
same band position between different lanes varied within 1 bp. After export of the 
data to Microsoft Access, these variations in fragment size were assigned to the 
corresponding categories and a scoring table (1/0) was generated. Different filters 
towards signal peak height and marker frequency were set using Access queries. 
3.2.4. STS reactions and analysis 
From the set of STS primer sequences designed by Lallemand et al. (1998), 16 were 
tested for length polymorphisms on the four mapping populations (table 3.1). A set of 
29 additional STS primer sequences (table 3.2) later  developed at  ILVO-Plant  were  
Table 3.1: STS primer sequences designed by Lallemand et al. (1998).  Forward (F) and 
reverse (R) primer sequences, the hybridisation temperature of the primers (Th) and the 
origin of the consensus sequences from which primers were designed are given. 
Primer 
set Gene 
Origin consensus 
sequences Primer sequences Th (°C)
ADH Alcohol dehydrogenase Maize, barley and rice F:  GCG TCA AGA TCC TCT TCA CC 
R:  CRC CCT CTC CAA CAC TCT CY 
60 
MZE Triosephosphate isomerase Maize, rice and rye 
F:  TCA AAG GTC ATT GCA TGT 
R:  CNG NGT TGA TGA TGT CGA TGA A 
60 
OSW ADP-Glucose glycosyl transferase 
Maize, barley, rice and 
sorghum 
F:  TTC TGC ATC CAC AAC ATC TCC TA 
R:  CTG ACG TCC ATG CCG TTG ACG AT 
60 
LP1 Pollen allergen Ryegrass F:  CAC CAA GCC GAC ATT CCA C 
R:  CAC CGT GCG AGC AAA GAA AG 
60 
PRO Profilin Maize and Phleum F:  TAC CAA GTA CAT GGT CAT CC 
R:  ATS GGC TCG TCG TAG ATG C 
60 
OSE Late abundant embryogenesis protein 
Maize, barley, rice and 
wheat 
F:  CGT CGT CCC CGG CGG CAC CG 
R:  TTG GAC TCG TCG ATG TCG AT 
62 
SCF RUBISCO Maize, barley, rice and sugar cane 
F:  GGC TCA AGT CCA CCG CCA GC 
R:  AAC ATG GGC AGC TTC CAC AT 
62 
OSBR α-amylase 3 Maize, barley, rice and wheat 
F:  GAC AGC CGC CTC GAC TGG GG 
R:  GAT CTC CTG CRTT CAG GTT CC  
60 
ADP ADP glucose phosphorylase Barley, rice and wheat 
F:  CCT CCG TGA ACA ATT TCC TG  
R:  TCC AAT ACG AGC ATT CTT GT 
60 
PHOS Phopholipase Maize and rice F:  AAC CCC AAG GAC TAY CTC AC  
R:  AMC CRA TGA TGA TGT ACT CR 
45 
PGLU Prepro glutelin Rice and oat F:  CYG AAR GTC AAA GCC AAA GC 
R:  AAK CCA CTR AAT ATG TTT TG 
43 
PAL Phenylalanine ammonialyase Barley, rice and wheat 
F:  AGC GGA TGG TGG AGG AGT AC 
R:  TTG GA GCA TCA TGT AGG AG 
62 
CAT Catalase Barley and rice F:  GAG CGT GGA AGC CCT GAG AC 
R:  CCA TGT GCC TGT AGT TGA GT 
60 
SER Serine carboxypeptidase Barley and rice 
F:  TGG GGT TTA TGT YCC TAC TC 
R:  GAS CCA TTC CAT GWG CAA AT 50 
ASP Aspartic protease Barley and rice  F:  GCC TGT GAG ATG GCT GTT GT 
R:  ATG GCT GTG AAT CCA CTG AT 
62 
CAF Caffeic acid  O-methyl transferase Ryegrass 
F:  CGC TCA TGGA ACCC AGG ACA AC 
R:  GGG ATG CCG CCG TCA AGG AC 
62 
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Table 3.2: Additional STS primer sequences developed at ILVO-Plant from a L. perenne 
cDNA library and tested on population C1 in a later phase of the project; Th = 60 °C (Muylle 
et al., 2003) 
Primer set Primer sequences Homology 
LpEST-007 F: GACAAGTGGAGGTAAGCATCAGTG  R: GCTGTTTGAACTGGTGAAAAATTCC Maize and rice, pyruvate dehydrogenase kinase 
LpEST-011 F: CATTCCTGTCACGGGCACTG  R: GCATAATATTGCAGGCGAGAACTAC 
Wheat, transmembrane protein and maize, plasma 
membrane intrinsic protein 
LpEST-014 F: TTACAACGGAACAGGTTGTAAACC  R: ACCAGTGTTGTGGAGGTCTTCTC 
F: Barley and wheat, alpha-tubulin mRNA 
R: No homology 
LpEST-015 F: GCAATTAAGTGCCTTGAGAAGTTG  R: GCCGTATCTGAGATTCTGAGAACAT No homology 
LpEST-020 F: AAGGAACTTATGGCAAACCTAGTCA  R: GCCAGTGTACTCCTGAATCTTTGAA Maize, Phosphoglucomutase 1 mRNA 
LpEST-021 F: AATCTTGGTCACTAGCGCCAGC  R: TGCCAGCGTTCTTCTGGTAGTAG 
F: Wheat, beta 1,3-glucanase (Glc1) mRNA 
R: No homology 
LpEST-030 F: GAGGACGAGAACATCATTGTCTTCA  R: AGTTCCAGTAGCGTGCTTCTTCTT 
Maize, C13 endopeptidase NP1 precursor, mRNA and 
rice, mRNA for asparaginyl endopeptidase 
LpEST-034 
F: TTCTTCGACCAAAGTTTCATCAAA  
 
R: CAGGTAGCTGCTGGACACCGTA 
F: Oat, mRNA for beta glucanase and barley: 1-3,1-4-
beta-D-glucanase 
R: Oat, mRNA for beta glucanase 
LpEST-037 F: ATTCCAAAGAAATATGGTGTGAAGC  R: TTGCCTCAGCTAACGGGATATATAG No homology 
LpEST-039 F: ACCTTCCAAGTTCCCCTTCTGG  R: GCATCTGTCATTTCCACTTCATTG 
Maize and rice, fructose-6-phosphate-2-
kinase/fructose-2,6-bisphosphatase mRNA and  
LpEST-048 F: CACATCGACAAGGACGAGTCATG R: GTGGTGAAGGTACGTCACCAAAT 
F: Wheat, rice and maize, mRNA fatty acid desaturase
R: Wheat and rice, mRNA fatty acid desaturase 
LpEST-051 F: CTAAGTGCGTACTACAATGGCCC  R: CAGTACCTGCCGTCGTAGTATCC 
Avena strigosa, Str5 ribulose-1,5-bisphosphate 
carboxylase mRNA 
LpEST-060 F: TTCTCGGATGTTTCATCCTAACATT  R: GCAACATAGCAAGTTGCTGTTTCAG Wheat, ubiquitine carrier proteïn (UBC 1) mRNA 
LpEST-066 F: AAGCAAATGTGGCGGTTCTTTAAA  R: GCGATGATCACTACAAGCTGCTG 
Maize, mRNA for cysteine protease component of 
protease-inhibitor and rice, mRNA for oryzain alpha 
LpEST-084 F:  GGTTGGATATGAAAGTTTCAGCATT  R: GAGCCAGTTTCAGTAAGATTCTTCG Rice, hexokinase I mRNA 
LpEST-086 F: GGCTTCTTTTGGCTCGTCGTATACT  R: GGAACTTCTCAGGTTCCTCCTCAG Rice, Rrl5 mRNA for 5S ribosomal RNA 
LpEST-090 F:  CAGAGCACTTGGCTTCAATATTTG  R: CCTCCCTGAACTGAACATACACATT Rice, mRNA for U2 snRNP auxiliary factor 
LpEST-095 F:  GATATTTGGAGGATGTCTTGCAGC  R: GAGCGAGCAAAGTAAAACACACAC 
Maize, mRNA for metallothionein; wheat and Festuca 
rubra, metallothionein-like protein mRNA 
LpEST-102 F:  GTGAGAATGTCAAAACGTGCTGG  R: CCGGGAAAGTTTAGTACAGCACA Maize, enolase (eno2) mRNA 
LpEST-109 F: TGATTATCCTTTCAAACCACCAAAG  R: GATCATCCATACAACACATACGCAC 
Arabidopsis thaliana, maize and L. esculentum, 
ubiquitin conjugating enzyme mRNA 
LpEST-111 
F:  ATATTCCACCAGCTGCTGAAGCT  
 
R: TAGGCGGGTCAAACAACTTGATG 
F: Rice and maize, cytoplasmic malate 
dehydrogenase mRNA  
R: Perennial ryegrass, malate dehydrogenase mRNA 
LpEST-118 F:  CACGTCTTGTCGTCCCAAAGT  R: ACATGAACACCGCCGAGGAT Maize, thiamine biosyntheticenzyme (thi1-2) mRNA 
LpEST-121 F: GGAGATGGGCTTCATCGTCTACT  R: AAGGATCAACCGGCTACAAAGTT 
Glycine, max UDP-glucose dehydrogenase mRNA 
and weat, m-RNA for protein H2B-6 
LpEST-124 F:  GATGTGAAGAACAGGCAGGTTAAGG R: CCTAAAAGTGACCGACTCTTGTACG 
Maize, A. thaliana, wheat and rice RAN-related GTP 
binding protein mRNA 
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Table 3.2 continued 
Primer set Primer sequences Homology 
LpEST-130 F:  CTTCTTCGCCATAATCTCATCCTT  R: CGTCAGATGCTTCTTGTTATTTACG Wheat and F. rubra metallothionein-like protein mRNA 
LpEST-136 F: ACTACTACATCTGCAACATCCCCG  R: AAGAGTAACATGAACTGCACGTACG 
Maize, blue copper protein mRNA and wheat, blue 
copper-binding protein homolog (S85) mRNA 
LpEST-141 F:  TCCAGACTCGAAAAAACCCTAACC  R: GATAACCTTGTACGGCCACATCTTA 
F: Wheat and sorghum heat shock protein 70 
R: Maize and sorghum heat shock protein 70 
LpEST-143 F:  GCCACAGCCGTCTACACGTACTAGT R: CGATAAATTTCATTCCATGCAACAG Rice, metallothioneïne-L protein mRNA 
LpEST-144 F:  AAGACAGTGAAGAAATCTGCAAAGG R: GACTGAGACAGGAATGGAATCAAAT Chlamydomonas reinhardtii cDNA  
 
also tested on population C1 (in a later phase of the project). These primer 
sequences were developed from a cDNA genebank of L. perenne leaf tissue (Muylle 
et al., 2003).  
For the PCR amplification, a reaction volume of 20 µl contained 25 ng genomic DNA, 
1x PCR buffer (Applied Biosystems), 0.2 mM dNTP’s, 0.5 µM forward and reverse 
primer and 0.8 U of the Taq DNA polymerase (Applied Biosystems). PCR 
amplifications were performed in a Perkin Elmer 9600 thermocycler. Cycling 
conditions were 1 minute at 94°C, 35 cycles of 30 seconds at 94°C (with the 
exception of primer SER with 40 cycles), 30 seconds at a hybridisation temperature 
dependent on the primer combination (table 3.1) and 1 minute at 72°C, and a final 
extension step of 6 minutes at 72°C. A ramping of 1°C/second was applied for primer 
combinations Phos, Pglu, SER and MZE. Amplification products (from 6 to 9 µl 
depending on primer combination) were loaded with 6x loading buffer on 8% 
polyacrylamide (PAA) gels. Electrophoresis took place in 1 x TBE buffer and bands 
were visualised after staining with ethidium bromide by UV illumination. On each gel, 
a ladder (GeneRuler 100 bp DNA Ladder Plus) was loaded in two border lanes to 
enable evaluation of the fragment sizes. Bands were recorded visually based on the 
gel image by giving a ‘0’ for absence of band and a ‘1’ for presence of a band to 
obtain a 0/1 matrix in Microsoft Excel. 
3.2.5. SSR reactions and analysis 
Three groups of primer pairs amplifying SSR-containing sequences were available 
for application on Lolium species in our laboratory. Out of these 27 primer 
combinations, 16 were selected (table 3.3) based on previous experiments on Lolium 
sp.  in our  laboratory  (Muylle, 2003;  Dendauw, personal communication)  and  were  
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Table 3.3: Characteristics of the SSR primer sets screened on subsets of the F1-populations 
and parents: primer sets developed by a) ILVO-Plant (Dendauw J., personal communication), 
b) Kubik et al. (1999) and c) Jones et al. (2001). Forward (F) and reverse (R) primer 
sequences, repeat motif and the hybridisation temperature Th (°C) are presented; nucleotides 
of the pig tail are given in Italic. *Repeat class, Perfect: stretch of perfect repeats; Imperfect: 
stretch of repeats where single bases are different, Interrupted: stretch of repeats that are 
interrupted by several bases. 
SSR Primer sequence (5’-3’) Repeat motif / repeat class * Th Reference 
Rye001 F:  TCA GTG CTC TCA GTT GTG AAC T R:  CTG TTA TCC GGG AAG TAC AAC 
AC20
? 55 ILVO-Plant 
Rye005 F:  GAC ACC TCA CCT GGG TCG R:  TTG AAC AGG AAG ACA TTT GGG 
TG26 
? 55 ILVO-Plant 
Rye012 F:  GGT CTA ATT GTC GTC CTT TC R:  GTTTGAG TGA TTT GGA GGT GAG AA 
CA23
Perfect 51 ILVO-Plant 
Rye014 F:  CTG CTC TGT GTT TGT GTG AC R:  GCC TTT CAT CGT TAC TGT CT 
CA26
Perfect 51 ILVO-Plant 
Uni001 F:  AGC CAC ACT TTA CCT AAT GCT G R:  GTTTCCC GCA AAA CTT ACA ATT AAA 
AC17
Perfect 55 ILVO-Plant 
Rye021 
(M4-213) 
F:  CAC CTC CCG CTG CAT GGC ATG T 
R:  TAC AAC GAC ATG TCA AGG 
(GT)8AGGT 
Imperfect 55 
Kubik et al. 
1999 
Rye022   
(M15-185) 
F:  GGT CTG GTA GAC ATG CCT AC 
R:  TAC CAG CAC AGG CAG GTT C 
(GA)5TTAGAGG(GA)17 
Interrupted 51 
Kubik et al. 
1999 
Rye023  
(M16-B) 
F:  TGC TGT GGC TCT TGT GAC 
R:  AGC CGA GGC TCA GCT CGA 
(GA)3G(GA)18GG(GA)7
Imperfect 51 
Kubik et al. 
1999 
Rye024    
(M4-13) 
F:  AGA GAC CAT CAC CAA GCC 
R:  TCT GGA AGA AGA TTT CCT TG 
GATT(GA)12GT(GA)15 
Imperfect 51 
Kubik et al. 
1999 
Rye031 
(LPSSRH01A02) 
F:  AAA GAC CGC AGA CGA AGT 
R:  AAC CAA AGC CGC AAG ACA 
(CA)27 
? 51 
Jones et al. 
2001 
Rye032 
(LPSSRH01A07) 
F:  TGG AGG GCT CGT GGA GAA GT 
R:  CGG TTC CCA CGC CTT GC 
(GT)9 
Imperfect 51 
Jones et al. 
2001 
Rye033 
(LPSSRH01A10) 
F:  GAG GCA CCCG GCC ATG GAG 
R:  AGG ACG AGC CAC TCA CTT G  
(CTT)20 
Imperfect 51 
Jones et al. 
2001 
Rye035 
(LPSSRH01E10) 
F:  CGC AGC TTA ATT TAG TC 
R:  GCT TTG AGT ATG TAA AGT T 
(CA)10
Perfect 51 
Jones et al. 
2001 
Rye037 
(LPSSRHO1H06) 
F:  ATT GAC TGG CTT CCG TGT T 
R:  CGC GAT TGC AGA TTC TTG 
(CA)9 
Perfect 51 
Jones et al. 
2001 
Rye038 
(LPSSRH02C11) 
F:  TGG AAT AAC GAT GAA AAG 
R:  CAT CAC GAA TTA ACA AGA G 
(CA)4TA(CA)4
Interrupted 51 
Jones et al. 
2001 
Rye039 
(LPSSRK01A03) 
F:  GGA CGA ACT GCC GAG ACA 
R:  CGG GCA TGG TGA GAA GGA 
(CTT)7 
? 51 
Jones et al. 
2001 
 
used for screening the plant subsets to identify length polymorphic markers. PCR 
amplifications were performed in a Perkin Elmer 9600 thermocycler. A reaction of 20 
µl contained 25 ng genomic DNA, 1 x PCR buffer (Applied Biosystems), 0.1 mM 
dNTPs, 0.075 µM forward and reverse primer, with forward primer being fluorescent 
labelled, 2.5 µg BSA (Bovine Serum Albumine) and 1,25 U of Taq DNA polymerase 
(Applied Biosystems). PCR condition were 3 minutes at 94°C, 30 cycles (with the 
 67
Chapter 3 
exceptions of primers Rye022 and Rye024 with 35 cycles) of 30 seconds at 94°C, 30 
seconds at 51°C or 55°C depending on the primer set (table 3.3) and 1 minute at 
72°C, and a final extension step of 10 minutes at 72°C. A ramping of 1°C/second was 
included for primer combinations Rye022, Rye035 and Rye037. Amplification 
products were then denatured by adding 0.9 µl of formamide buffer (Amresco), 0.35 
µl Blue dye (Applied Biosystems) and 0.25 µl GS-500 ROX-labelled size standard 
(Applied Biosystems) to 1.5 µl of template DNA and by heating for 3 minutes at 90°C. 
Denaturised samples (1.5 µl each) were loaded on a 5% polyacrylamide 
/bisacrylamide 19:1 (Biorad), 7.5 urea (Gibco BRL) and 1 x TBE gel. The use of 
different dyes for the labelling of primers allowed two or three primer combinations to 
be analysed in a single run (‘multiplex’). Rye021, Rye035 and Rye024, constituted 
the first multiplex, Uni001 and Rye022 (and Rye005 for C3) the second multiplex and 
Rye023 and Rye037 (and Rye014 for C3) the third multiplex. Electrophoresis and 
fragment detection were performed on an ABI Prism 377 DNA sequencer from Perkin 
Elmer. The labelled size standard present within each lane enabled an automatic 
determination of the fragment sizes. Translation of the information generated by the 
ABI377 into fragment size and peak height was done using the Genescan Analysis 
Software 2.1 (Perkin Elmer). Genotyper 2.5 (Perkin Elmer) was used to score the 
presence or absence of bands on fingerprints and a 1/0 matrix was generated using 
Microsoft Excell. 
3.2.6. Segregation analysis 
Estimation of divergence from the expected segregation ratios was estimated by the 
χ2 (chi-square) good-of-fit test integrated in the Joinmap3.0 software (Van Ooijen and 
Voorips, 2001) where the null hypothesis is Mendelian segregation. For that purpose, 
the generated makers were classified into different groups depending on the allele 
patterns of the parents. Six marker classes were defined: (1) <lm x ll>, (2) <nn x np>, 
(3) <ef x eg>, (4) <ab x cd>, (5) <hk x hk> and (6) <hk x hk> (hh, k-). Expected 
segregation ratios were 1:1 for classes 1 and 2, 1:1:1:1 for classes 3 and 4, 1:2:1 for 
class 5 and 1:3 for class 6. Dominant markers belonged to marker classes 1, 2 and 6, 
while co-dominant markers belonged to marker classes 1, 2, 3, 4 and 5. As allele 
patterns showing a 1:1 segregation pattern like ac:bc referring to <ab x cc> or <aa x 
bc> parental configuration do not figure in the classes of the Joinmap software, co-
dominant markers presenting these patterns were classed respectively in class 1 or 
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2. Data from these markers were duplicated as for two dominant markers segregating 
for each of the alleles of the heterozygous parent. 
3.3. Results and discussion 
3.3.1. Identification of self-pollinated plants 
Scoring of the co-dominant markers highlighted the presence of a number of 
offspring genotypes resulting from the self-pollination of one of the parents. For co-
dominant markers, the allele configurations presented by the crossed parents lead to 
a defined number of possible allele configurations in the offspring. For marker 
classes 1, 2, 3 and 4 (depending on the presence of null alleles or not) the 
occurrence of self-pollination can be detected when offspring genotypes present only 
alleles coming from one of the parents. Table 3.7 gives as an example the allele 
configurations of a genotype produced from the self-pollination of parent B for two of 
the SSRs applied. In populations C1 and C2, respectively eight plants and three 
plants were identified as a result of self-pollination. These eleven genotypes were 
excluded from further study (phenotyping, segregation analysis, map construction 
and QTL analysis). Finally, the numbers of progeny included to generate the marker 
datasets were respectively 53, 45, 52, 55, 55, 53, 54 and 53 for parent A, B, C, D, E, 
F, G, and H. 
Application of co-dominant markers enables the detection of the presence of self-
pollinated genotypes in populations produced from pair-crosses. This detection is 
less feasible with dominant markers such as AFLP since they cannot distinguish 
heterozygous plants from homozygous plants. In such case, only the total absence of 
any marker unique to the other crossing parent is a strong indication of selfing. 
 
Table 3.7: Allele configurations of parent A, parent B, offspring from the effective cross of A 
and B (population C1), and plant 56 from population C1 for the SSR primer combination 
Rye024 and Rye035. These two SSRs, together with other STSs and SSRs applied, 
indicated that plant 56 resulted from the self-pollination of parent B. 
 Rye024 Rye035 
Parent A ab ef 
Parent B cd (d null allele) eg 
AxB offspring ac, ad, bc or bd eg, fg or ee 
Plant 56 cc or cd gg 
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3.3.2. AFLP analysis 
The Genescan Analysis 2.1 software (Perkin Elmer) gave estimates of the detection 
time, signal peak height, signal peak surface and size of detected fragment 
(resolution of 1bp). Fragments with fluorescent signal intensity higher than 50 units 
were exported to Microsoft Access. After establishment of borders for each marker 
class, all fragments from 50 bp to 450 bp were attributed to the appropriate marker 
class. In this way, a 1/0 scoring table was generated. Table 3.4 summarises the 
average number of markers generated in the range 50 to 450 bp for the applied 
primer combinations (PC) in the four populations. In the different populations, the 
different PCs generated from 71 up to 181 AFLP fragments per reaction. The 
average number of fragments of different sizes per PC when reactions from all plants 
were scored ranged from 218 to 385. On average, the HindIII-MseI PCs generated 
more fragments than the EcoRI-MseI PCs. Slight differences appeared between 
populations, but averages for the eight PCs are quite similar. The averages here 
considered included polymorphic as well as rare and monomorphic fragments.  
 
Table 3.4: Average numbers of fragments detected per lane and numbers of fragments of 
different sizes when reactions of whole mapping populations were scored, per primer 
combination and per population, as well as the same averages for the eight primer 
combinations and the four populations. Range of fragments scored was between 50-450 bp. 
Average no. fragment per lane No. of fragments of             different sizes (all plants) Primer combination 
C1 C2 C3 C4 
Mean  
C1-C4 
C1 C2 C3 C4 
Mean  
C1-C4 
PC1 (EcoRI+ACG-MseI+CAA) 71 78 76 73 74 267 270 250 264 263 
PC2 (EcoRI+ACC-MseI+CAT) 93 97 94 93 94 235 260 234 232 240 
PC3 (EcoRI+AAC-MseI+CAT) 93 94 92 90 92 219 240 218 222 225 
PC4 (EcoRI+ACT-MseI+CAA) 111 104 101 98 103 311 315 278 295 300 
PC5 (HindIII+TGC-MseI+CTC) 137 118 142 142 135 373 375 385 385 380 
PC6 (HindIII+TGG-MseI+CAT) 150 161 149 181 160 375 362 376 366 370 
PC7 (HindIII+TCA-MseI+CTG) 130 177 135 119 140 382 372 376 368 374 
PC8 (HindIII+TCT-MseI+CAA) 97 108 103 127 109 265 324 315 319 306 
Average PC1-PC8  110 117 111 115 114 303 315 304 306 307 
3.3.3. STS analysis 
The 16 STS primer sequences designed by Lallemand et al. (1998) were tested for 
length polymorphism on population subsets (including parents). The 29 ILVO-Plant 
primer set was tested on subsets of population C1. Visual scoring of bands was 
difficult due to the low resolution obtained in PAA-gel electrophoresis (between 10 to 
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50 bp). The inability to distinguish bands of close sizes (but which still seemed 
different) precluded in some cases the detection of polymorphisms.  
A summary of the screening results of the primer set of Lallemand et al. (1998) on 
the four populations is given in table 3.5. Ten of the 16 sequences were polymorphic 
in the population subsets and were chosen for full fingerprinting on at least one of the 
four populations (in bold in table 3.5). The six other primer combinations gave either 
monomorphic or a-specific reaction types or no amplification. More markers were 
polymorphic in populations C1 and C2 (10 and 9 markers respectively) than in C3 
and C4 (each 6). Nine markers showed polymorphism in more than one population. 
 
Table 3.5: Results obtained for the 16 STS primer sets of Lallemand et al. (1998) at 
screening of subsets of the four populations (C1 to C4) (M= monomorphic, P= polymorphic, 
A= a-specific, NA= no amplification). Polymorphic primer sequences chosen for application 
on whole population are indicated in bold. Last column give the species (Lp= L. perenne, Lb= 
L. x boucheanum, and Lm= L. multiflorum) in which Muylle (2003) found polymorphism in F1 
populations 
STS C1 C2 C3 C4 Length range of  P detected bands* 
P in Muylle, 
2003 
ADH P P P A 680-960 bp Lb, Lm 
MZE NA NA NA NA   
OSW P P P P 380-460 bp Lp, Lb, Lm 
LP1 P P M P 500-540 bp Lp, Lb, Lm 
PRO M M M M   
OSE P P M A 290-300 bp Lp, Lb 
SCF M M M NA   
OSBR P M M M 700-730 bp Lp 
ADP M M M M  Lb 
PHOS P P M P 680-650 bp  
PGLU P P P P 360-460 bp Lb 
PAL M M M M   
CAT P P P P 800-1000bp Lp, Lb, Lm 
SER P P P M 415-460 bp Lm 
ASP P P P P 590-610 bp Lm 
CAF M M M M   
Total number of P 10 9 6 6   
Note : *Visual estimation 
From the two primer sets originating from ryegrass, only LP1 showed polymorphism 
in the present study. Muylle (2003) tested the same maker sets on L. perenne (Lp), L. 
x boucheanum (Lb) and L. multiflorum (Lm) F1-populations. Our polymorphic 
markers correspond to those of Muylle for the Lm population with exceptions for OSE 
and PGLU (monomorphic in Muylle for Lm) (table 3.5). Markers OSW, LP, OSE and 
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CAT revealed polymorphism in all three Lolium species and in almost all F1-
populations.  
Out of the additional ILVO-Plant set of 29 STS primer sequences later developed, 11 
markers appeared polymorphic in population C1 (LpEST-020, LpEST-021, LpEST-
030, LpEST-034, LpEST-039, LpEST-051, LpEST-066, LpEST-086, LpEST-102, 
LpEST-124 and LpEST-130). 
3.3.4. SSR analysis 
The 16 selected SSR primer combinations were tested for length polymorphisms on 
the population subsets (including parents). Table 3.6 summarises the screening 
results of the four populations. Following Jones et al. (2001), SSRs are reproducible 
in related pasture and turf grass species. This was verified in the present 
experiments: the SSR markers developed on L. perenne were able to reveal 
polymorphisms in our L. multiflorum populations. Seven primer combinations 
appeared to be polymorphic in all four populations. Two additional markers (Rye005 
and Rye014) were only polymorphic in populations C3. Seven primer combinations 
gave either no or weak amplification, a-specific reactions or monomorphism in all 
populations.  Where polymorphism appeared with the subsets, markers were applied 
on the total population. Mirror profiles were observed for the primer combinations 
Rye023 (in all populations) and Rye005 (population C3). This means that when one 
fragment was observed, a slightly larger fragment was also present. A duplication of 
the SSR locus close to the original locus might be an explanation but it is more often 
due to side reactions in PCR, as the phenomenon can be eliminated by optimising 
PCR conditions. As it was not interfering with the scoring, this optimisation was not 
made. Primer combinations Rye023, Rye022, Uni001, Rye005 and Rye014 displayed 
null alleles in one or more populations. Rye023 in population C1, Uni001, Rye005 
and Rye014 in population C3, and Uni001 in C4 were scored dominantly, as only one 
allele was amplified. 
From the three different SSR sources (table 3.3), the tested primers sets of Kubik et 
al. (1999) gave the best results since all markers appeared polymorphic in the four 
populations. A-specific and monomorphic reactions were obtained with part of the 
two other SSRs sources (with variable results in the different populations). Our 
results revealed more polymorphic markers than in the study of Muylle (2003) (table 
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3.6) in which no amplification, a-specific reactions, or monomorphism for the Lm F1-
population were found for Rye014, Rye021, Rye022 and Rye023 (not tested by 
Muylle in Lm: Rye032, Rye033, Rye037, Rye038, Rye039). Markers Uni001, Rye024 
and Rye035 are highly interesting since they revealed polymorphism in all three 
Lolium species and in all discussed F1-populations. In addition, SSR markers that 
were polymorphic in our F1-populations and in maps of Muylle should be useful for 
the alignment of our maps with maps from other studies. 
 
Table 3.6: Results obtained for the 16 SSRs screened on subsets of the four populations (C1 
to C4) (M= monomorphic, P= polymorphic, A=a-specific, NA= no amplification). Polymorphic 
primer sequences chosen for application on whole population are indicated in bold. Last 
column give the species (Lp = L. perenne, Lb = L. x boucheanum, and Lm = L. multiflorum) in 
which Muylle (2003) found polymorphism in F1-populations. 
SSR C1 C2 C3 C4 Length range of  detected bands 
P in Muylle 
2003 
Rye001 NA NA NA NA   
Rye005 NA NA P NA 115 bp Lp 
Rye012 NA NA NA NA  Lp 
Rye014 NA NA P NA 212 bp Lp 
Uni001 P P P P 140-158 bp Lp, Lb, Lm 
Rye021 P P P P 168-176 bp Lb 
Rye022 P P P P 141-190 bp Lp 
Rye023 P P P P 133-163 bp Lp 
Rye024 P P P P 182-193 bp Lp, Lb, Lm 
Rye031 NA NA NA NA  Lp 
Rye032 A A A A   
Rye033 A A A A   
Rye035 P P P P 107-115 bp Lp, Lb, Lm 
Rye037 P P P P 165-180 bp  
Rye038 A A A A   
Rye039 M M M M   
Total number of P 7 7 9 7   
3.3.5. Segregation analysis  
The null hypothesis of Mendelian segregation was tested in a χ2 test.  
Segregation analysis of co-dominant markers gave a relatively low percentage of 
distorted markers (P≤0.05): 10% for STS markers (set of Lallemand) and 24% for 
SSR markers. The automated scoring method applied in the present study allowed to 
perform the analysis on all scored AFLP markers. When we excluded rare fragments 
(appearing in less than 20% of plants of each F1-population) and almost 
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monomorphic fragments (appearing in more than 90% of plants of F1-population), 
segregation distortion of AFLPs was on average 36% (P≤0.05) (table 3.8). The 
overall average number of non-distorted markers was 64. HindIII-MseI PCs (PC5 to 
PC8) showed a higher percentage of distorted markers (P≤0.05) than EcoRI-MseI 
PCs, but the final number of non-distorted (P>0.05) markers was higher for HindIII-
MseI PCs. PC5 had the highest percentage of distorted markers (although led to a 
good number of non-distorted markers). The lowest percentage of distorted markers 
was obtained with PC3, which had the lowest number of scored fragments, although 
resulted in a number of Mendelian segregating fragments close to the mean of all 
PCs. 
 
Table 3.8: Summary of results of the χ2 test applied for segregation analysis of the AFLP 
markers generated by the different primer combinations applied (PC1 to PC8) on average of 
the four populations. 
Non or slightly distorted markers 
(P>0.05) Primer 
combination 
No. of fragments of 
different sizes after 
pre-selection* No. % of pre-selected fragments* 
PC1 64 44 69 
PC2 95 62 64 
PC3 88 63 72 
PC4 94 61 65 
PC5 82 48 59 
PC6 128 79 62 
PC7 128 82 64 
PC8 111 66 59 
PC1-PC8 792 505 64 
Note: * Exclusion of rare fragments (appearing in less than 20% of plants of each F1-population) and almost 
monomorphic fragments (appearing in more than 90% of plants) 
 
In Lolium species, markers displaying distorted segregation were reported in most 
studies. For example, Bert et al. (1999) observed 16% of the AFLP markers had 
segregation distortion (level of significance not mentioned). Jones et al. (2002 b) 
reported 24% of the SSR markers were skewed (P<0.05). Muylle (2003) obtained 
32% of markers (RFLP, SSR, AFLP and STS) with distortions at P<0.05, with the 
highest proportion for AFLP markers. Among RFLP, AFLP and telomeric repeat 
associated sequence (TASs) markers, Inoue et al. (2004) reported only 5.9% of the 
markers had segregation distortion (level of significance not mentioned) with the 
lowest percentage for AFLP markers. In addition, segregation distortions of markers 
were reported for a wide range of other species. For example, in a rose population, 
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Yan et al. (2005) found 22% of markers with distorted segregation (P≤0.05) when 
mapping, AFLP, SSR, PK (protein kinase specific fragments) and RGA (resistance 
gene analogues) markers. Accurate comparison of percentages from segregation 
analysis of published studies is difficult since many factors (type of markers, scoring 
methods with or without pre-selection, definition of segregation distortion (P≤0.01 or 
P≤0.05)) might influence the results. The percentages we obtained for the co-
dominant markers (10 and 24%) were lower or similar to what is found in the 
literature. These types of markers give small numbers of bands that allow an easy 
visual scoring with immediate exclusion of monomorphic and a-specific markers. For 
AFLPs, non-automated methods of scoring are usually applied, with in addition 
immediate pre-selection of interesting bands. After exclusion of rare and almost 
monomorphic fragments, the average of 36% segregation distortion is high but 
comparable (if comparison is possible) with published results. 
Slight differences between the populations were observed. For the STS markers (set 
of Lallemand), only distortions at relatively low levels of significance (0.01<P≤0.05) 
were revealed in population C1 (markers CAT and ASP) and in population C4 
(marker OSW). SSR markers revealed distorted segregation at a high level of 
significance (P≤0.001). This was the case for Rye024 in populations C2, C3 and C4, 
of four additional markers (Rye021, Rye023, Rye035 and Rye037) in C2 and one 
additional marker (Rye023) in C4. Population C2 had the lowest number of SSR 
markers and the highest number of STS markers with Mendelian segregations. From 
the 10 polymorphic STS primer sequences of the ILVO-Plant set, only one presented 
segregation distortion in population C1 (P>0.01). For AFLPs, the average 
percentages of segregation distortion were similar for the different populations as well 
as the total number of fragments (PC1-PC8) with Mendelian segregation (from 478 to 
550).  
The non-distorted markers or distorted markers with moderate significance levels 
(P≥0.001) for the four populations selected for linkage mapping are presented in 
table 3.9. The numbers of markers specific to one or the other parent (markers of 
classes 1 or 2) were in the same range for the different parents of a cross, except in 
population C4, where parent G had much fewer of these markers than parent H (180 
versus 273). A little more than one third of the markers were heterozygous in both 
parents of a cross. After exclusion of class 6 markers, the number of common loci 
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between the two parents of a cross were 12 (+1*), 7, 5 and 7 for C1, C2, C3 and C4, 
respectively.  
 
Table 3.9: Summary of the number of markers (per class and total) at P≥0.001 for each 
marker technique (AFLP, STS, SSR) in the four populations (C1 to C4) 
Technique Marker class C1 C2 C3 C4 
AFLP 1 <lm x ll> 224 207 223 179 
 2 <nn x np> 194 210 261 270 
 6 <hk x hk> (hh,k-) 224 297 263 278 
 Total all classes 642 714 747 727 
STS 1 <lm x ll> 2 (+ 3*) 2 2 - 
 2 <nn x np> 1 (+ 5*) 2 1 1 
 3 <ef x eg> 5 ( + 1*) 3 2 3 
 4 <ab x cd> 1  2 1 2 
 5 <hk x hk>  1  - - - 
 Total all classes 10 (+ 9 *) 9 6 6 
SSR 1 <lm x ll> 2 - 3 1 
 2 <nn x np> - - 3 2 
 3 <ef x eg> 4 1 1 1 
 4 <ab x cd> 1 1 1 1 
 5 <hk x hk>  - - - - 
  total 7 2 8 5 
All techniques Total all classes 659 (+ 9*) 725 761 738 
Note: *STSs issued from the additional ILVO set of primer sequences later fingerprinted only in 
population C1. Not present at the time of the first mapping analysis 
3.4. Conclusions 
Polymorphic markers were identified in our four Lolium multiflorum F1-populations. 
The PCR based techniques used were suited for high throughput analysis with the 
use of small quantities of DNA. For co-dominant markers, length polymorphism was 
first sought on small population subsets including parents. Where polymorphism was 
found PCs was then applied to the whole F1-population.  
Seven of the 16 SSR PCs showed length polymorphism in all populations. Out of a 
set of 16 STS primer sequences, six to ten PCs appeared polymorphic depending on 
the population. Four PCs showed polymorphism in all four populations, while four 
were polymorphic in three populations. An additional ILVO-Plant STS primer set 
delivered 10 polymorphic PCs in population C1. For some STS PCs, the low 
resolution obtained in PAA-gel electrophoresis was an obstacle to polymorphism 
detection.  
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The eight AFLP PCs applied generated a high number of bands per reaction, which 
turned out in numerous different fragment classes. Differences between PCs could 
be observed; HindIII-MseI PCs generated more fragments than EcoRI-MseI PCs. 
Only small differences in number of fragments were observed between populations. 
On average when rare and almost monomorphic fragments where excluded before 
analysis, the percentage of markers showing segregation distortion (P≤0.05) was of 
36%. A large set of AFLP markers with Mendelian segregation was obtained 
(average of the four populations was 505 fragments). The co-dominant markers 
showed lower percentages of segregation distortion (10% for STS markers and 24% 
for SSR markers; P≤0.05). From 10 to 15 co-dominant markers with Mendelian 
segregation were obtained depending on the population. 
Markers polymorphic in several populations are of particular interest (if finally 
mapped) for the alignment of the genetic maps of the four populations (chapter 4). In 
addition, polymorphic co-dominant markers in common with those of the study of 
Muylle (2003) were detected. If mapped, these markers will be useful for the 
alignment of our maps with those of Muylle and other Lolium reference maps 
(chapter 4). 
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CHAPTER 4 
LINKAGE MAP CONSTRUCTION 
 
 
 
Objectives 
 
The main objective of the experiments described in this chapter was to construct 
genetic linkage maps based on AFLP, SSR and STS markers for four segregating 
populations. The approaches tested for the construction of the genetic linkage maps 
are presented and discussed. The four F1-populations used for linkage map 
construction were described in chapter 2 and their fingerprinting in chapter 3.  
An additional objective was to compare the maps obtained for the four populations, 
and construct a consensus map of the four populations combined. When possible, 
maps were also compared with published maps for ryegrasses. 
In first instance, an introduction to genetic linkage mapping is given, as well as a 
review of published genetic maps of Lolium spp. 
 
 
4.1. Introduction 
One of the main applications of DNA markers in agricultural research is the 
construction of linkage maps. Linkage maps are not only used to identify 
chromosomal regions controlling simple heritable monogenic traits, but also multiple 
loci controlling (part of) polygenic quantitative traits using QTL analysis (Collard et al., 
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2005). In the latter case, large segregating populations are needed to construct 
detailed genetic linkage maps and unravel the number of loci involved. 
4.1.1. What are genetic linkage maps? 
A linkage map is a graphical representation of the genome of a given biological 
species showing the position along the chromosomes of numerous loci, which may 
include morphological, isozyme and DNA markers. Relative distances between 
adjacent loci are calculated from their recombination frequencies. A recombination 
event (or crossing over) is the process of exchange of genetic material between 
homologous chromosomes at meiosis and the division of genetic material by 
separation of these homologues over the reproductive cells. The closer marker loci 
are linked, the smaller the chance of a recombination event. From the recombination 
frequencies (REC), it can be derived which markers are unlinked (far apart or on 
different linkage groups (LG)- REC = 0.5) and which markers are linked (belong to 
the same LG at a relatively close position - REC < 0.5). Recombination gives rise to 
new combinations of alleles in the progeny (recombinant genotypes) that where not 
present in the parents. Pair-wise recombination frequencies between marker loci are 
estimated from their patterns of co-segregation in segregating populations produced 
from specific crosses. The distance between markers on a LG is expressed in 
centimorgans (cM), representing the recombination rates between markers (Kumar, 
1999; Maliepaard, 2000; Stam, 1993; Collard et al., 2005). 
Linkage maps do not represent actual physical distances, neither the number of DNA 
base pairs nor cytological distances between markers. In addition, no unique best-
estimated map exists, as this depends on the mapping family and DNA markers 
used. Map distances between markers will change as new information (more 
markers or more individuals) are included in the analysis. Ideally, a linkage map 
contains an equal number of LGs as the number of chromosomes of the species and 
has good genome coverage with evenly distributed markers. However, 
polymorphisms are not necessarily evenly distributed over the chromosome. In 
addition, there exist variation in recombination frequencies along the chromosome; 
there are regions with suppressed recombination and regions with enhanced 
recombination. An example is the clustering of markers due to reduced 
recombination frequencies in the regions near the centromere (Kumar, 1999). An 
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adequate number and spacing of markers depend on the genome size of the species 
and the use that will be done of the map. Following Collard et al. (2005), for QTL 
detection, a relatively sparse framework map of evenly spaced markers is thought to 
be most adequate. From their simulation study on backcross populations, Darvasi et 
al. (1993) reported that the power of detecting a QTL was virtually the same for a 
marker spacing of 10 cM as for an infinite number of markers, and only slightly 
decreased for marker spacing of 20 or even 50 cM. The length of the maps published 
for ryegrass figure in table 4.1. Marker spacing in these maps ranged from 2 to 7 cM. 
In some of the recent QTL studies on ryegrass, the maps produced were modified 
using adapted software in order to obtain maps with evenly distributed markers and 
interval between adjacent markers from 5 to 10 cM (Yamada et al., 2004; Cogan et 
al., 2005; Studer et al., 2006). 
4.1.2. Linkage map construction 
Four main steps have to be performed in order to construct a linkage map. The first 
step is the establishment of a segregating population; secondly, markers are 
developed and a polymorphic set of markers in the population are identified; thirdly, a 
marker dataset is generated by fingerprinting the progeny and parents with this 
polymorphic set of markers; lastly the markers are grouped and ordered according to 
a statistical procedure, which leads to the final calculation of the linkage map. 
In the first step, the choice of the parents for the establishment of the segregating 
population must be appropriate and will be determined by the intended use of the 
map. Parents have to be genetically divergent enough to show sufficient 
polymorphism, while at the same time, they have to be genetically close enough to 
avoid sterility in the progeny (Kumar et al, 1999). Outbreeding species have been 
observed to contain more polymorphic DNA than inbreeding species (Collard et al., 
2005). Crosses including a di-haploid plant, or crosses between a ‘superior plant’ and 
a ‘poor plant’ for a specific trait have been commonly used. However, the mapping 
populations derived from such crosses often show no or little agronomical value. 
Structured segregating populations produced from specific crosses are used in 
linkage mapping studies in plants. Different types of mapping populations can be 
used. The majority of published genetic maps are of inbreeding species, or of 
species in which self-pollination can easily be carried out. In such species, progeny 
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from crosses between homozygous or near-homozygous parents are usually used; 
the most common being F2-individuals (created by crossing among them or selfing 
F1-progeny of two homozygous parents), backcross (BC) individuals (created by 
backcrossing the F1-progeny to one of the parent), doubled haploids (DH) lines 
(created by induced haploid embryo from the F1-hybrids, followed by chromosome 
doubling), and recombinant inbred lines (RILs, created by repeated selfing of a F1-
individual). In these cases, linkage analysis is more or less straightforward as the 
knowledge of the linkage phase between heterozygous loci can be deduced from the 
parental configurations (Maliepaard et al., 1997). For heterozygous outbreeding 
species like apple, potato, eucalyptus and ryegrasses, linkage analysis is 
complicated by the fact that alternative linkage phases have to be considered. In 
addition, markers may vary in the number of segregating alleles (up to four for 
diploids) and markers can be dominant or co-dominant (Maliepaard et al., 1997; 
Hayward et al., 1998). To overcome these difficulties, the so-called one-way pseudo-
testcross strategy can be applied: the mapping population is the F1-progeny from a 
cross of a heterozygous plant with a DH or a near-homozygous plant. However, in 
species suffering from severe inbreeding depression and self-incompatibility, like 
ryegrasses and apple, the production of RIL and DH populations are difficult. In such 
cases, the two-way (or double) pseudo-testcross procedure offers an alternative. In 
this procedure, the mapping population consists of the F1-progeny derived from a 
pair-cross between two unrelated, highly heterozygous parents. A statistical 
procedure has been developed for the estimation of recombination frequencies in 
such populations (Grattapaglia and Sederoff, 1994). In the pseudo-testcrosses, F1-
individuals are frequently used for mapping since segregation of markers and loci 
already occurs in the F1-generation (F2-individuals are not necessary) (Grattapaglia 
and Sederoff, 1994). 
A set of 50 individuals is considered a minimum population size for constructing 
linkage maps. In most mapping experiments, the number of individuals in 
segregating populations ranges from 50 to 250. For mapping QTLs of minor effect or 
for high resolution mapping of specific genome regions, much higher numbers (1000 
or 2000) of individuals are required (Collard et al., 2005). 
The molecular marker techniques applied for the generation of marker data depend 
of the objectives of the experiment, the species, the type of population and the 
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marker systems available. Usually a combination of several techniques will be 
chosen. Sufficient numbers of markers are required in order to build a dense linkage 
map with good genome coverage. 
In the final step of map construction, recombination frequencies and their standard 
errors for all pair-wise comparisons between marker loci are estimated, in general, by 
the maximum likelihood method. Linkage between markers is usually calculated 
using odds ratios (i.e. the ratio of linkage versus no linkage). This ratio is more 
conveniently expressed as a logarithmic value and is called the logarithm of odds 
(LOD) value or LOD score. For example, a LOD value of 3 between two markers 
indicates that linkage is 1000 times more likely (i.e. 1000:1) than no linkage (null 
hypothesis). This information allows markers to be assembled into LGs (grouping of 
the markers) such that every locus within a given group is linked to at least one other 
locus in that group. A minimum value of the LOD score is fixed (LOD threshold) to 
determine the acceptance or rejection of linkage. LOD thresholds > 3 are typically 
used to construct linkage maps in order to minimise type I errors (acceptance of 
linkage when there is no linkage) and the stability of LGs can be tested by varying 
the LOD threshold value.  
The linear order of the markers along the LGs and the map distances are then 
estimated.  Fortunately, calculations are computerised. Different computer packages 
such as Mapmaker (Lander et al., 1987) or Joinmap (Stam, 1993; van Ouija and 
Voorrips, 2001) are available. The mapping procedure of Joinmap is a process of 
building a map by adding loci one by one, starting from the pair of loci displaying the 
strongest linkage. For each added locus the best position is searched and a 
goodness-of-fit measure is calculated. When the goodness-of–fit reduces too sharply 
(too large a jump) or when the locus gives rise to negative distances, the locus is 
removed. Additionally, as adding a locus may influence the optimal map order, and to 
prevent becoming trapped in a local optimum of the goodness-of-fit, an action called 
‘ripple’ is performed each time after adding one locus. In a ripple, all permutations 
within a moving window of three adjacent markers are considered; for each order, the 
map and the corresponding goodness-of-fit are calculated and the best order is 
chosen to go ahead with. The window moves from one end of the map to the other. 
The first round is continued until all loci have been handled once. In a second 
mapping round, the previously removed loci are attempted to be added to the map a 
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second time with the same requirements as in the first round. In the third mapping 
round, all loci are fitted into the map without fulfilling the requirements of the 
maximum allowed reduction in goodness-of-fit and no negative distances. 
Recombination frequencies are converted in map units (cM) using genetic map 
functions corresponding to different assumed degrees of interference in crossing 
over (van Ooijen en Voorrips, 2001). Other computer packages use other algorithms 
to permute the order of neighbouring markers (Lander et al., 1987). 
4.1.3. Linkage mapping in outbreeding species 
The development of software such as Joinmap version 3.0 (Van Ooijen and Voorips, 
2001) has greatly facilitated linkage mapping in outbreeding species. This software 
can handle the seven distinct segregation types of a two-way pseudo-testcross and 
incorporates algorithms to merge maps from different populations. In the two-way 
pseudo-testcross strategy, linkage analysis is carried out for each parent separately. 
An integrated map is then calculated using informative markers (segregating in both 
parents) as allelic bridges (Grattapaglia and Sederoff, 1994; Maliepaard et al., 1998). 
In this way, differences in recombination between the two parents can be directly 
deduced, since the recombination in each parent is estimated separately. However, 
the integration of the individual parental maps might be problematic for crosses in 
which important alleles segregate in both parents and in which the number of ‘allelic 
bridges’ is low. This method has been successfully used in different outbreeding 
species, for example: eucalyptus (Grattapaglia and Sederoff, 1994), apple 
(Maliepaard et al., 1998), meadow fescue (Alm et al., 2003), rose (Yan et al., 2005) 
and ryegrass (see table 4.1). 
4.1.4. Linkage mapping in ryegrasses 
Genetic mapping using various types of DNA markers has been performed in most 
major crops (including barley, wheat, rice and maize) already since many years. 
However, in forage grasses, the development of this precious tool to conduct 
genomic research has lagged far behind (Wilkins and Humphreys, 2003). In addition 
to the complexity of linkage map development in outbreeding species already 
explained, other factors played a role in the slow development of genetic linkage 
maps in these species. Forage grasses are typically ‘low budget’ crops for which 
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investments are much lower than in major feed crops. In the case of Lolium species, 
the relatively large genome size (1.6 x 109 bp or 2C = 4.16 pg, Hutchinson et al., 
1979) is probably another reason (Bert et al., 1999). In addition, some forage grass 
species are polyploid (such as tall fescue for example), which compared with diploid 
species, complicates the construction of linkage maps. Furthermore, only in recent 
years, the improvement of methods for linkage map construction in outbreeding 
species has enabled the efficient development of genetic maps in different forage 
species. Hayward et al. published the first genetic map for ryegrasses in 1994. In the 
last years, the number of maps published in Lolium has increased considerably. 
Mapping work has also been performed in other fodder grass species but to a 
smaller extent; for example: tall fescue (Xu et al., 1995; Saha et al., 2005) and 
meadow fescue (Chen et al., 1998; Alm et al., 2003). 
A review of linkage maps for Lolium spp. published to date is given in table 4.1. Most 
of these maps were developed for perennial ryegrass, however, a few are based on 
hybrids between Italian and perennial ryegrass or on Italian ryegrass alone. As 
shown in chapter 3, markers developed in L. perenne are useful in L. multiflorum. 
The linkage maps of L. perenne and L. multiflorum are easily aligned, which means 
that developments in L. perenne contribute to new developments in L. multiflorum 
and vice versa. The sizes of published maps for L. perenne are relatively similar 
(approximately in the range of 700 cM +/- 100 cM). These maps are partly based on 
the one-way pseudo-testcross strategy, in which a heterozygous plant is crossed with 
a DH plant. The only F2-population used was that used by Armstead et al. (2002 and 
2004) and Turner et al. (2005). Most of the other maps, however, are based on the 
two-way pseudo-testcross strategy: construction of the two parental maps and their 
integration. Maps of Italian ryegrass have been published very recently. The L. 
multiflorum map of Inoue et al. (2004) spanned 1244 cM and was not the result of the 
integration of parental linkage maps. Hirata et al. (2005) published parental maps of a 
F1-population of L. multiflorum containing newly developed SSR markers. The map 
sizes were in the range of those published for L. perenne. Nowadays, the linkage 
map published by Jones et al. (2002 a) serves as a reference map for Lolium and is 
referred to as the ILGI (International Lolium Genome Initiative) map. This map has 
been aligned with the consensus map of the Triticeae, making use of the high level of 
synteny  found  among  Poaceae  species  (Gale and Devos,  1998).  This  alignment 
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Table 4.1: Review of published genetic maps of Lolium spp. (Lp: L. perenne, Lm: L. 
multiflorum, DH : doubled haploid). Part of the maps (separated by dashed lines in the table) 
are based on the same crosses but the number of individuals in the mapping populations and 
the marker sets applied are usually different 
Species Type of segregating population Marker types Map length Authors 
Interspecific 
Lp and Lm 
1-way pseudo-testcross 
DH (Lp) x F1 (Lp x Lm) 
89 plants 
RAPD, RFLP, 
Isozyme 
750 cM 
692 cM 
Hayward et al., 1994 and 
1998 
Lp 
1-way pseudo-testcross 
DH x F1 
95 plants 
AFLP 930 cM Bert et al., 1999 
Lp 
1-way pseudo-testcross 
DH x F1 
155 plants 
RFLP, AFLP, 
Isozyme, EST 811 cM 
Jones et al., 2002 a 
 (ILGI reference map)  
 
1-way pseudo-testcross 
DH x F1 
165 plants 
RFLP, AFLP, 
Isozyme, EST, 
SSR 
814 cM Jones et al., 2002 b 
Lp 
2-way pseudo-testcross 
F1-population 
172 plants 
RAPD, AFLP, 
Isozyme 
718 cM (♀) 
781 cM (♂) Barre et al., 2000* 
Lm 
2-way pseudo-testcross 
F1-population 
82 plants 
RFLP, AFLP, 
TAS** 1244 cM Inoue et al., 2004 
Lp F2-population 180 plants 
RFLP, AFLP, 
STS, SSR 
515 cM 
628 cM 
628 cM 
Armstead et al., 2002 
Armstead et al., 2004 
Turner et al., 2005 
Interspecific 
Lp and Lm 
‘3-generation population’ 
F1 x F1 (Lp x Lm) 
91 plants 
RAPD, RFLP, 
AFLP, SSR, 
Isozyme, Morpho
537 cM (♀) 
712 cM (♂) Warnke et al., 2004 
Interspecific 
Lp and Lm 
‘3-generation population’ 
F1 x F1 (Lp x Lm) 
152 plants 
RAPD, RFLP, 
AFLP, SSR, 
Isozyme, Morpho
664 cM Sim et al., 2005 
Lp 
2-way pseudo-testcross 
F1 population 
157 plants 
EST-RFLP,  
EST-SSR 
757 cM (♀) 
963 cM (♂) Faville et al., 2004 
Lp 
2-way pseudo-testcross 
F1-population 
252 plants 
RFLP, AFLP, 
STS, SSR 744 cM Muylle et al., 2005 b 
Lp 
Bert et al., 1999; Barre et 
al., 2000; Jensen et al., 
2005a; Muylle et al.,2005b
RFLP, AFLP, 
STS, SSR 
772 cM 
(consensus 
map) 
Jensen et al., 2005 b 
Lm 
2-way pseudo-testcross 
F1-population (CMS) 
60 plants 
RFLP, AFLP, 
SSR 
888 cM (♀) 
796 cM (♂) Hirata et al., 2006 
Lm 
2-way pseudo-testcross 
F1-population 
306 plants 
AFLP, SSR 804 cM Studer et al., 2006 
Notes: *not yet published in reviewed journal 
            ** TAS= Telomeric repeat Associated Sequence markers 
 
facilitates the transfer of genetic information from well-studied species, such as rice, 
to less studied species, such as ryegrass. Jensen et al. (2005 b) developed a 
consensus map based on four different mapping populations (including the ILGI 
population) and used a public reference set of SSR markers covering all seven LGs 
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of L. perenne. In this way, they established a reference within the public domain for 
comparisons between mapping populations and wild populations. 
4.2. Material and methods 
4.2.1. Generation of marker data 
The segregating populations included the four F1-populations produced from pair-
crosses between heterozygous parents described in chapter 2. The number of 
progeny used to generate the marker datasets were 53, 45, 52, 55, 55, 53, 54 and 53 
for parent A, B, C, D, E, F, G, and H, respectively (self-pollinated individuals 
identified in chapters 2 and 3 were excluded). The progeny and parents were 
fingerprinted using AFLP, SSR and STS markers as described in chapter 3. Since 
many polymorphic AFLP markers were obtained (chapter 3), markers with distorted 
segregation at the significance level of P<0.001 were directly excluded from further 
analysis. Distorted markers at significance levels between P≤0.05 and P≥0.001 were 
not excluded but closely controlled after calculation of the map. The number of 
markers used for each population and their marker classes have been presented in 
chapter 3 (table 3.9). Thus, markers were classified into six marker classes 
depending on the allele patterns of the parents: (1) <lm x ll>, (2) <nn x np>, (3) <ef x 
eg>, (4) <ab x cd>, (5) <hk x hk> and (6) <hk x hk> (hh, k-). Dominant markers 
belonged to marker classes 1, 2 and 6, while co-dominant markers belonged to 
marker classes 1, 2, 3, 4 and 5. Since allele patterns showing a 1:1 segregation 
pattern like ac:bc referring to a <ab x cc> or <aa x bc> parental configuration are not 
included in the classes of the software Joinmap, co-dominant markers presenting 
these patterns were assigned to class 1 and 2, respectively. Data from these markers 
were duplicated and scored as two dominant markers segregating for each of the 
alleles of the heterozygous parent (<ab x cc> scored twice as <lmxll> and <aa x bc> 
scored twice as <nnxnp>). The parental origin of the markers was also recorded. A 
data set of polymorphic markers was assembled for each of the four segregating 
populations as described in chapter 3.  
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4.2.2. Linkage analysis and map construction 
Linkage analysis and map construction were carried out with the software Joinmap 
version 3.0. (van Ooijen and Voorips, 2001) using the cross-pollination model. Map 
distances were calculated using the Kosambi function (Kosambi, 1944). The resulting 
linkage maps were drawn using MapChart software (Voorrips, 2001). 
Several mapping approaches were explored using different datasets or data-subsets. 
As an example, figure 4.1 presents the different datasets investigated and the 
denomination of the map obtained for population C1. A similar scheme was applied 
for the other three populations with parents C and D for population C2, parents E and 
F for population C3 and parents G and H for population C4. First, linkage maps were 
calculated for each population using the complete marker dataset (direct mapping). 
Secondly, the dataset of each population was divided into two separate data-subsets,  
 
 
Dataset AB
Sub-Dataset A 
Population C1 (= offspring of parent A x parent B) 
Linkage analysis using 
only the marker data-
subset present in parent A 
Linkage analysis using 
only the marker data-
subset present in parent B 
Integration of the two separated 
parental maps A and B
Linkage analysis with full 
marker dataset (of both 
parents) for direct mapping 
Sub-Dataset B
Map Int. AxB
Map B 
Map AB 
Map A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Illustration of the different maps investigated for population C1 using either the full 
dataset or data-subsets and integration of parental maps 
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one for each parent (i.e. with either the exclusion of marker class 1 or exclusion of 
marker class 2). Separate maps were calculated for each parent using the respective 
data-subset. Homologies of markers in classes 3, 4, 5 and 6 of the corresponding 
parents were identified between LGs and used as anchor markers. Integrated maps 
were calculated for each population when possible.  
Additionally to the datasets shown in figure 4.1, datasets excluding the less 
informative markers of class 6 (<hk x hk> (hh, k-)) were generated and investigated. 
The effect of including or excluding these class 6 markers was investigated.  
Finally, a consensus map of the four populations (maps of the third mapping round) 
was also calculated.  
4.3. Results and discussion 
4.3.1. Linkage grouping 
Characteristics of the linkage grouping obtained using the different marker datasets 
(parental, full set of a cross, with or without class 6 markers) are summarised for the 
four populations in table 4.2. In most cases, a number of less or non-interesting LGs 
(sum indicated between brackets in table 4.2) was present: very small groups (less 
than eight markers or less than 40 cM), or groups which later could not be integrated 
into the map.  
The grouping results were quite different depending on the dataset used. For the 
separate parental datasets, the numbers of parental LGs obtained were mostly 
higher with class 6 markers included than without them. Without class 6 markers, the 
number of interesting LGs obtained was in some cases insufficient (lower than the 
expected seven LGs). Grouping based on the full marker dataset (with markers of 
both parental origins) was possible with or without the class 6 markers, but higher 
numbers of LGs (and many small groups) were obtained without class 6 markers. 
Overall, with class 6 markers, the number of LGs was closer to the expected seven 
LGs and the range of LOD thresholds was smaller. 
 
 
 
 89
Chapter 4 
4.3.2. Mapping results 
The number of LGs, total length and mean distance between loci of the maps 
produced (after the third mapping round) from the different datasets are presented in 
table 4.2, as well as those of the integrated parental maps. Without class 6 markers, 
integration of both parental maps of a cross was not possible or gave poor results. 
This is due to the small amount of common markers between the maps (only the co-
dominant markers of classes 3, 4 and 5).  
 
Table 4.2: Summary of the characteristics of the linkage grouping (number (No.) of linkage 
groups (LGs) and range of the LOD thresholds) and of the linkage maps (total size and mean 
distance between consecutive loci (cM)) obtained using the different marker datasets or 
data-subsets. The number of small or unmapped groups is indicated between brackets. Int.= 
integrated 
With class 6 markers Without class 6 markers 
Dataset / 
Map No. of 
LGs 
LOD 
threshold 
Total   
size (cM) 
Mean  
dist. (cM) 
No. of 
LGs 
LOD 
threshold 
Total size 
(cM) 
Mean 
dist. (cM)
A 7 (+ 5) 5 to 7 792 3.8 7 (+ 1) 3 to 8 939 5.7 
B 8 (+ 6) 5 to 9 830 4.3 5 (+ 6) 3 to 7 708 5.3 
AB 9 (+ 3) 6 to 8 689 2.2 11 (+ 8) 4 to 9 1355 4.9 
Int. AxB 9   784 3.0 - 
C 10 (+ 5) 5 to 10 913 4.3 7 4 to 5 804 5.7 
D 9 (+ 4) 5 to 7 815 3.8 6 (+ 4) 3 to 8 916 6.9 
CD 6 (+ 9) 6 to 8 695 2.5 13 (+ 7) 4 to 9 1307 7.1 
Int. CxD 7 (+ 1)  657 2.6 - 
E 9 (+ 2) 5 to 9 635 3.7 8 3 to 6 906 6.6 
F 7 (+ 7) 3 to 9 824 4.3 6 (+ 4) 3 to 7 973 6.2 
EF 9 (+ 5) 6 to 9 786 3.2 9 (+ 3) 3 to 7 1525 6.2 
Int. ExF 5 (+ 3)  494 2.3 - 
G 9 (+ 5) 3 to 7 979 5.6 6 (+ 7) 3 to 6 1072 8.1 
H 9 (+ 3) 4 to 9 979 3.7 7 (+ 1) 4 to 5 957 4.7 
GH 11 (+ 1) 6 to 8 925 2.5 12 (+ 3) 4 to 9 1349 5.1 
Int. GxH 8 (+ 2)  657 2.8 - 
 
Table 4.3 gives the details for the direct mapping calculated for each population (total 
marker dataset, including class 6 markers). The map lengths ranged from 689 to 925 
cM, depending on the population, while the total  number of  mapped markers ranged 
from 247 to 370 (from 32% to 50% of markers in the dataset). The mean distances 
between consecutive loci ranged from 2.2 to 3.2 cM. From eight to 11 major LGs 
were obtained,  with a mean length  of the LGs  ranging from  79 to 87 cM  and mean  
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Table 4.3: Details of the characteristics of the maps for population C1 to C4 using their total 
marker dataset (from both parents) and including class 6 markers, as well as of the 
consensus map of these maps 
 C1 C2 C3 C4 Consensus C1-C4 
No. of LGs 9 8 9 11 8 
Total length (cM) 709 ( 691*) 695 786 925 862 
Min. LG length (cM) 50 ( 50*) 67 42 49 50 
Max LG length (cM) 145 ( 141*) 113 172 123 169 
Mean LG length (cM)  79 (77*) 87 87 84 108 
Mean dist. between consecutive 
loci (cM) 
2.3 ( 2.2*) 2.5 3.2 2.5 1.7 
No. of LGs with cluster 3 (3*) 2 1 2 0 
Total No. of markers  307 ( 315*) 278 247 370 520 
No.of AFLP  296 (297*) 271 235 360 505 
No. of SSR  4 (6*) 1 7 4 6 
No. of STS  7 (12*) 6 5 6 9 
Min. No. of markers/LG 8 (8*) 9 9 9 12 
Max. No. of markers/LG 84 (86*) 67 66 65 113 
Mean No. of markers/LG 34 (35*) 35 27 34 65 
Notes:   *When including STSs issued from the additional ILVO set of primer sequences later fingerprinted. Not 
present at the time of the first mapping analysis.  
No. = number; LG = linkage group; min. = minimum; max. = maximum; cM = centimorgan 
 
number of markers per LG ranging from 27 to 35. Population C4 presented the 
longest map with the highest number of markers and LGs. 
The same details regarding the map obtained by integration of parental maps are 
presented in table 4.4. The map lengths ranged from 494 to 784 cM, depending on 
the population, while the total number of mapped markers ranged from 211 to 265 
(from 28% to 40% of markers in the dataset). The mean distances between 
consecutive loci ranged from 2.3 to 3.0 cM. The number of LGs per map ranged from 
five to nine, with mean length of the LGs ranging from 82 to 99 cM and mean number 
of markers per LG ranging from 29 to 45. Population C1 presented the longest map 
while population C3 had the smallest one. The percentage of anchor markers 
between parental maps ranged from 12 to 21%.  
The genetic linkage maps of the direct mapping (total marker dataset, including class 
6 markers) are graphically presented for each population in figures 4.2 to 4.5. The 
numbering of LG1 to LG7 is in accordance with the ILGI linkage map. Other LG 
numbers (8 to 13) are placed between brackets and were aligned in the different 
population when possible (see further, point 4.3.6.). 
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Consensus linkage maps could be produced by the integration of maps of the four 
different populations. Figure 4.6 presents the eight LGs of the consensus map based 
on the maps produced from the four populations for each LG using direct mapping 
including class 6 markers. This map contained a total of 520 markers spread over 
eight LGs and spanned 862 cM with a mean distance between consecutive loci of 1.7 
cM (table 4.3). 
Table 4.4: Details of the characteristics of the maps for population C1 to C4 obtained by the 
integration of parental maps including class 6 markers 
 C1 C2 C3 C4 
No. of LGs 9 7 5 8 
Total length (cM) 784 657 494 657 
Min. LG length (cM) 53 71 64 49 
Max LG length (cM) 155 131 133 98 
Mean LG length (cM)  88 94 99 82 
Mean dist. between consecutive loci (cM) 2.9 2.6 2.3 2.8 
No. of LGs with cluster 1 4 1 2 
Total No. of markers 265 + 4* 251 211 234 
No. of AFLP  251 244 201 227 
No. of SSR  6 1 6 2 
No. of STS  8 + 4* 6 4 5 
Min. No. of markers/LG 8 13 25 9 
Max. No. of markers/LG 155 73 82 54 
Mean No. of markers/LG 30 36 45 29 
% of anchor markers 12 21 14 18 
Notes:   *STSs issued from the additional ILVO set of primer sequences later fingerprinted.  
No. = number; LG = linkage group; min. = minimum; max. = maximum; cM = centimorgan 
 
 
 
Legend of figures 4.2 to 4.6:  
- The size (cM) of each LG is indicated on the left side of each LG. 
- Marker names are shown on the right side of each LG: 
o SSRs with a prefix Rye or Uni, 
o STSs in bold capital letters, 
o AFLPs with a prefix PC, 
- The numbering of LG1 to LG7 is in accordance with the ILGI map; 
other LG numbers (8 to 12) are placed between brackets. 
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Linkage map construction 
4.3.3. Characteristics of the linkage maps 
The parental maps including class 6 markers were generally longer and presented 
larger mean distances than the direct mapping and integrated parental maps with 
class 6 markers. The direct mapping without class 6 markers resulted in very long 
maps. The parental maps with or without class 6 markers had on average lengths in 
the same range but for the same parent the map length could differ quite largely. 
The following comments regarding the different maps generated were formulated:  
1. Two LGs of the map of population C4 presented only markers from a single 
AFLP primer combination (PC2 or PC8). Clustering of AFLP markers from the 
same PC has previously been reported in different plant species (Vuylsteke, 
1999). This clustering might be due to scoring or mapping inaccuracies. 
2. The SSR markers Rye005 and Rye014 always mapped at the same position 
(population C3). They displayed  identical  segregation patterns  in the F1-
populations. The same observation for these two markers was reported by 
Muylle (2003). This indicates that both markers are derived from the same 
locus. 
3. Both alleles of co-dominant markers showing a 1:1 segregation pattern, like 
ac:bc (previously assigned to class 1 or 2 and duplicated as two dominant 
markers segregating for each of the alleles of the heterozygous parent) 
mapped at the same place or 1 cM apart, confirming that they represent the 
same locus and not multiple loci. 
4. Other co-dominant markers were spread quite evenly over the different LGs. 
5. From 22 to 29 % of the markers mapped were slightly distorted markers 
(0.05≥P≥0.001), with the highest percentages for population C4; these types 
of markers were present on almost all LGs. The occurrence of distorted 
segregation has already been discussed in chapter 3. Such markers have 
been reported in most ryegrass maps, generally on specific LGs; this was not 
necessarily on the same LG in all studies (Hayward et al., 1998; Bert et al., 
1999; Jones et al., 2002 a, 2002 b; Muylle, 2003; Faville et al., 2004; Inoue et 
al., 2004). This would indicate the occurrence of linkage between markers and 
distorting factors for which there is selectable variation (Faville et al., 2004.). 
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6. From 74 to 80 % of the markers mapped in the different maps were of marker 
classes different to class 6 markers (informative markers), with the exception 
of population C3, whose maps had fewer of these markers (68 to 65%). 
7. Differences between populations were observed. The number of class 1 and 
class 2 markers mapped in each population were similar, with the exception of 
population C4 (which had more class 2 markers than class 1) and a few LGs 
contained only markers from one or the other parent (the LGs concerned 
varied in the different populations). 
The maps presented were produced from the third mapping round of Joinmap. In the 
third round, the markers that were not included in the two first rounds are included 
without requirements of maximum allowed reduction in goodness-of-fit and no 
negative distances. For some of the LGs, especially the smallest ones, all markers 
were mapped after the first or second rounds. For other LGs, especially the longest 
and densest ones, some of the markers were included only after the third mapping 
round. Comparison of maps of second and third round showed that although 
changes in map order were observed, especially in marker-dense regions. However, 
the markers that were already present at the second mapping round stayed in a very 
similar order. LGs produced from the third mapping round presented some clustering 
of the markers.  
Both the direct mapping and mapping by integration of parental maps with class 6 
markers produced good maps. Both methods produced maps with lengths in the 
range of most previously published maps of Lolium spp. The integrated parental 
maps were considerably smaller than the direct mapping maps for three of the 
mapping populations. The number of LGs obtained was higher for the direct 
mapping. Some changes in map order between both methods were observed, 
especially in marker-dense regions. 
4.3.4. Genome coverage 
The expected genome length can be estimated from the observed mean chiasma 
frequency. Naylor et al. (1960) observed in an interspecific L. perenne x L. 
multiflorum cross, a mean chiasma frequency per chromosome of about 1.7 with 
considerable plant-to-plant variation. Following, Hayward et al. (1998), this indicates 
that the mean chromosome size is roughly 100 cM. The length of the first map 
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published for L. multiflorum by Inoue et al. (2004) was much longer than expected, 
but the most recent maps published for the species spanned from 796 to 888 cM 
(Hirata et al., 2006; Studer et al., 2006). This is also in the range of the previously 
published maps of L. perenne or interspecific Lolium crosses. The parental maps and 
the maps produced by direct mapping, including the class 6 markers, had lengths in 
the range of the maps already published in Lolium spp. (table 4.1). In most cases, the 
exclusion of class 6 markers in our mapping datasets generated longer maps, 
especially for the direct mapping. The integration of parental maps (including class 6 
markers) generated smaller maps. 
The mean distances between loci ranged from 2.2 to 8.1 cM, with highest values for 
maps without class 6 markers and parental maps, while maps including class 6 
markers presented much better genome coverage (table 4.2). Major gaps (more than 
10 cM with no markers) were present in all maps. Maps without class 6 markers and 
parental maps contained a higher number of major gaps. In addition, often the 
number of interesting LGs obtained did not correspond to the expected seven 
chromosomes, due to the presence of very small or unmapped groups, which could 
not be integrated into the maps and the substantial number of markers that were 
unlinked. These are indications that the maps cover only part of the genome. 
The inclusion of class 6 markers in our mapping tended to improve the genome 
coverage (lower mean distance between adjacent loci). The mapping of additional 
markers, preferentially co-dominant ones, should improve the genome coverage of 
our maps. The inclusion of the additional ILVO STS markers for population C1 led to 
a grouping very similar to the one obtained without these markers: the same 
numbers of LGs were generated at the same LOD thresholds. Only slight differences 
appeared in the maps (table 4.3). However, the map length was slightly reduced as 
well as the mean distance between consecutive markers. The five new markers 
mapped on three different LGs, inducing only minor or no change(s) in marker order 
and number on these groups. Addition of more co-dominant markers should reveal 
whether we have covered the genome or not with the different datasets. This is out of 
the scope of the present thesis, but could be performed in the further development of 
the maps.  
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4.3.5. Alignment of generated linkage maps and other published maps of 
Lolium 
Table 4.5 presents the alignment of the genetic maps generated for the four different 
populations based on the full marker datasets and based on the integration of 
parental maps including class 6 markers, using the common co-dominant markers. A 
good level of correspondence was observed between the various maps. A few co-
dominant markers appeared on the same LG in some population(s), while they 
appeared on different LGs in other population(s). In latter cases, the LGs were 
assumed to be in fact the same group; both groups were then assigned the same LG 
number, with one of them followed by a “b”. Within a population, the majority of the 
AFLP markers were common between the corresponding LGs of the maps produced 
by the direct mapping including all markers and the integrated parental maps. Most of 
the aligned LGs did not show major changes in length, number of markers or 
markers order. Some LGs presented changes in order and number of markers, while 
other LGs appeared divided after being originally grouped or vice versa. A small 
number of groups could not be aligned. The consensus map of the four populations 
was also aligned with the other maps. Using different published Lolium maps as 
intermediates, most LGs of the generated maps could be aligned with the ILGI map 
of Jones et al. (2002 a). Only a few inconsistencies were observed such as the 
splitting of some groups in two and the location of LP on LG4 instead of LG7. The 
numbering of the LGs from one to seven in table 4.5 corresponds to the numbering of 
the ILGI map. Through the alignment of our different maps, even some LGs 
containing only AFLPs could be aligned in accordance with the ILGI numbering. 
4.4. Conclusions  
Mapping analysis based on microsatellites, STS and AFLP markers has been 
performed for four F1-populations (from 99 to 108 genotypes in each), produced from 
the pair-crosses of highly heterozygous parents. Different approaches and datasets 
were tested: inclusion versus exclusion of class 6 markers (<hk x hk> (hh, k-)) and 
direct mapping versus integration of parental maps. Some differences were observed 
between the four mapping populations but the trends were similar. Simulation 
experiments have shown that class 6 markers are very limited in producing precise 
and unbiased estimates of recombination frequencies (Maliepaard et al., 1998; Wu et 
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al., 2000). Thus merging of parental maps using class 6 markers as allelic bridges is 
not very accurate. However, in the present study excluding class 6 markers 
generated very long maps and did not allow the integration of parental maps. In the 
maps produced, class 6 markers represented on average only 26% of markers 
mapped. 
Direct mapping and mapping by integration of parental maps with class 6 markers 
both produced good maps. Map lengths (from 494 to 925 cM) were in the range of 
most previously published maps in Lolium spp., including the most recent one of L. 
multiflrorum (796-888 cM, see table 4.1). However, the integrated parental maps 
were considerably smaller than those from direct mapping for three of the four 
mapping populations. The number of LGs obtained was higher with the direct 
mapping approach. Some changes in map order were observed, especially in 
marker-dense regions. Maps of the four populations produced by direct mapping and 
by integration of parental maps could be aligned together, as well as with published 
Lolium maps. LG 1 to 7 were numbered according to the ILGI reference map. 
Additionally, a consensus map of the four mapping populations could be generated. 
Indications of the incomplete genome coverage of our maps were found. Mapping of 
more co-dominant markers in population C1 did not lead to major changes in the 
maps. Improving the genome coverage of the maps is the scope for future work. 
The third mapping round produced dense maps with good genome coverage. For 
several of the LGs, all markers were mapped after the first or second rounds. 
Comparison of maps of second and third round mapping showed that although 
changes in map order were observed, the markers already present at the second 
round stayed in a very similar order after the third round. 
In the present study, the considerations in the work accomplished were greatly 
influenced by a strict time schedule; the main objective being the evaluation of the 
effectiveness of MAS in a plant breeding program. Therefore, delays in plant 
selection, multiplication and material testing had to be avoided in order not to “loose 
a year” with a risk of loosing genotypes. Although they are theoretically not the most 
appropriate and accurate, the maps generated by direct mapping for all types of 
markers (without the additional ILVO STS markers in population C1) were used 
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further for QTL analysis and MAS of yield and different quality traits. These maps 
were of good quality which was ensured by the comparison to the integrated parental 
maps. Also, the option of using the third mapping round maps was guided by the 
ambition of having good saturated maps and good genome coverage for tightly linked 
QTL identification. 
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CHAPTER 5 
QTL ANALYSIS 
 
 
 
Objectives 
The objective of the experiments described in this chapter was to identify DNA 
markers linked to quantitative trait loci (QTL) determining variation in yield and quality 
traits of L. multiflorum. Therefore, QTL analysis establishing correlations between 
phenotypic data (from chapter 2), DNA fingerprints (from chapter 3) and linkage 
maps (from chapter 4) were carried out for the different segregating F1-populations 
and for the different traits. Different methods of QTL analysis were tested. For the 
four segregating populations, markers linked to the QTLs of the different traits 
studied, their location on the genetic linkage maps, their effect and the percentage of 
phenotypic variation explained were investigated. The results obtained in the different 
populations were compared. Comparison to published results for ryegrasses was 
also made. 
In first instance, chapter 5 gives a general introduction and insight on QTL analysis, 
as well as the up to date published results of QTL analysis in ryegrasses. 
 
 
5.1. Introduction 
5.1.1. Detection of quantitative trait loci 
Many agriculturally important traits are polygenic characters showing continuous 
phenotypic variation and are known as quantitative traits. This is the case for most 
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target traits of forage species (including yield and nutritive value). Numerous loci 
having small individual effects are more likely to be responsible for the variation of 
these kinds of traits. Such loci are called quantitative trait loci (QTL). The 
identification of QTLs based only on conventional phenotypic evaluation is not 
possible. The development of DNA marker technology in the 1980s created 
opportunities to select for QTLs and to characterise quantitative traits (Collard et al., 
2005). 
QTL analysis aims at identifying QTLs accounting for part of the genetic variation of 
quantitative traits by detecting association between the phenotype and the genotype 
as displayed by the marker profiles. The process of constructing linkage maps and 
conducting QTL analysis is known as QTL mapping (Collard et al., 2005). QTL 
mapping is a tool for the dissection of genetic complexity and for the study of genome 
organisation and species evolution. It can be very useful in current breeding 
programs, allowing a better manipulation of variation and leading to the application of 
MAS. Ultimately, it can be the basis for future positional gene cloning (Hayward et al., 
1998; Bert et al., 1999). 
Alternative approaches can be used for QTL identification. For example, the bulked 
segregant analysis (BSA) approach is based on the pooling of DNA from the 
individuals of a segregating population that show extreme phenotypes (for example, 
resistant versus susceptible plants to a disease) for fingerprinting (Michelmore et al., 
1991). The method detects only QTLs with relatively large effects. Recently, much 
interest has been in association studies using unstructured populations to localise 
molecular markers associated with the phenotypic traits of interest. Advantages of 
association studies include that the markers identified are generic rather than family-
specific and that more than two alleles can be assessed. However, the risk of 
identification of spurious correlations resulting in false positives is high and therefore 
one should be careful when choosing populations to be analysed (Skot et al., 2005). 
Both approaches do not directly allow the localisation of QTLs on a genetic linkage 
map. 
5.1.2. Principle of QTL analysis 
Generally, in QTL analysis, marker loci are used to partition the mapping population 
into different genotypic groups based on the presence or absence of a particular 
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marker alleles and to determine whether significant differences exist between groups 
with respect to the trait measured (Tanklsey, 1993). A significant difference between 
phenotypic means of the groups indicates that the marker locus used to partition the 
population is linked to a QTL controlling the trait. The explanation for this is that the 
closer a locus is to a QTL, the lower the chance of recombination occurring between 
the marker alleles and the QTL. Therefore, the QTL and the tightly linked marker 
locus will be transmitted together to the progeny, and the mean of the group with the 
positively correlated marker alleles will be significantly different (P<0.5) from the 
mean of the group without these alleles (Collard et al., 2005). 
Relatively large structured populations issued from specific crosses of contrasting 
parents for one or more characters of interest are generally used: F1-populations, 
F2-populations, progeny of crosses using RILs or DHs (see chapter 4). The 
individuals (usually >100) of the population are evaluated for their phenotypes and 
genotypes. Then, associations between segregating markers and the trait(s) of 
interest are identified. These associations should be due to linkage of the marker to a 
gene(s) affecting the character (Tanksley et al., 1989). The effect induced by the 
QTLs identified, the percentage of phenotypic variation they explain and the 
localisation of these loci on a genetic linkage map are investigated. An individual QTL 
may be described as ‘major’ or ‘minor’ based on the proportion of the phenotypic 
variation that it explains or based on its stability or instability across environments. 
Different analytical methods have been developed for QTL analysis: single-marker 
methods, simple interval mapping, or multiple QTL mapping (see point 5.1.3.). Main 
factors influencing the power of detection of these techniques are the heritability of 
the trait, the number of genes involved and their interactions, the distribution of the 
genes on the genome, the genome size, the number and distribution over the 
genome of marker loci, and the type and size of the segregating population used 
(van Ooijen, 1992). Environmental effects and experimental errors are also important 
factors. As already mentioned in chapter 4 (point 4.1.1.), the adequate number and 
spacing of markers depends on the genome size of the species. In some of the 
recently QTL studies in ryegrass, the linkage maps were modified in order to obtain 
maps with evenly distributed markers and interval between adjacent markers from 5 
to 10 cM (Yamada et al., 2004; Cogan et al., 2005 and Studer et al., 2006). 
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5.1.3. Methods for the estimation of associations between markers and traits 
5.1.3.1.  Single-marker methods 
The simplest methods look at all individual associations between marker alleles and 
phenotypes using χ2 tests, simple linear regressions, one-way analysis of variance 
and rank-based methods. 
The single-marker approaches are simple, do not necessarily require the 
construction of a genetic linkage map and can be based on few markers per linkage 
group spaced at wide intervals. However, they cannot extract all the information in 
the data as they ignore the potential recombination between a marker and a QTL. 
This leads to underestimation of the magnitude of QTL effects (if the QTL is not 
located exactly at the marker locus) and in a lower chance of detecting an 
association with a marker further away from the QTL. Testing of many markers 
covering the entire genome might solve this problem, but generally, this increases 
the risk of false positive detection (Lander and Botstein, 1989; Tanksley, 1993).  
The rank-based method of Kruskal-Wallis can be regarded as the non-parametric 
equivalent of the ANOVA. Instead of making subgroups, all individuals are ranked 
according to the quantitative trait and classified according to their marker genotype. A 
segregating QTL linked closely to the tested marker will result in large differences in 
average ranks in the genotype classes (van Ooijen and Maliepaard, 1996; van Ooijen 
et al., 2002). Rank-based methods, as well as the χ2 tests, are non-parametric, i.e. 
have no assumption for the distribution of the traits (e.g. normality). These methods 
are also less sensitive to outliers in the data than the ANOVA approach. 
5.1.3.2.  Simple interval mapping 
Simple interval mapping (SIM) screens intervals between adjacent pairs of loci 
simultaneously instead of analysing single marker alleles. It requires the use of an 
accurate genetic linkage map. Different estimation methods have been published (for 
example, Lander and Botstein, 1989; Haley and Knott, 1992; Jansen, 1992; Martinez 
and Curnow, 1992).  
In the method of Lander and Botstein (1989), intervals of adjacent markers along the 
chromosome are scanned and the likelihood of a QTL being located at any particular 
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point in each interval is determined. This is done by calculating the LOD (logarithm of 
odds) value, which is the likelihood of assuming a QTL to be at a particular position 
divided by the likelihood assuming no segregating QTL in the interval.  
SIM is the most common QTL mapping approach method and has been extensively 
used (Lincoln et al., 1993; van Ooijen et al., 2002). The method gives an estimate of 
the map position of the QTL and overcomes some of the deficiencies of single-
marker methods. The use of linked markers for analysis provides less biased 
estimators of QTL effects. In addition, the reliability is increased because there is a 
much lower chance of recombination between two (flanking) markers and a QTL than 
between a single marker and QTL. Contrary to the nonparametric method, SIM is 
very sensitive to violations of normality and is unable to test for associations with 
unlinked markers. The method handles one QTL at a time neglecting the effect of 
other QTLs. If more than one QTL is linked to an interval, this might lead for example 
to the selection of ‘ghost QTLs’ (i.e. QTL detected at a position where actually no 
QTL is present, type I error) or to the cancellation of linked QTLs having opposite 
effects (Martinez and Curnow, 1992). 
The calculation of the maximum likelihood is implemented in MapQTL as an iterative 
EM (Expectation Maximisation) procedure. The iterations stop when the relative 
change in the logarithm of the likelihood is less than the so-called ‘functional 
tolerance value’ or when the ‘maximum number of iterations’ is reached (van Ooijen 
et al., 2002). 
5.1.3.3.  Multiple QTL mapping methods 
Various multiple QTL approaches have been developed. Multi-way ANOVA or 
multiple linear regression methods exist, but in this case recombination between 
markers and QTLs is not taken into account (Stam, 1993). In addition, SIM can be 
extended to account simultaneously for segregation of multiple QTLs, however this is 
almost infeasible when the number of QTLs is large (Lander and Botstein, 1989; 
Jansen, 1992 and 1993). Therefore, approximate multiple QTL models have been 
developed, the most common being CIM (Composite Interval Mapping) (Zeng, 1994) 
and MQM (Multiple QTL Mapping) (Jansen, 1993). CIM combines SIM with linear 
regression and includes additional genetic markers to an adjacent pair of linked 
markers. The MQM procedure is an extension of SIM using multiple regressions with 
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one or more cofactor(s) (marker(s) nearby putative QTLs that are identified by other 
methods (usually SIM) to absorb the effects of segregating QTLs on the same or 
different linkage groups.  
Different studies have shown that multiple QTL mapping methods have a higher 
power and precision in detecting QTLs compared with SIM (Jansen and Stam, 1994; 
Hayashi et al., 2002). These methods reduce the chance of type I errors and the 
chance of type II error (i.e. an existing QTL not detected). However, calculations are 
usually very arduous. 
Currently, several QTL methods are applied to verify and to improve results obtained 
from each analysis. The MQM step is generally used to remove ‘ghost’ QTLs and to 
increase the power to identify additional QTLs. Single marker methods are still widely 
used for initial data exploration and for the verification of results obtained with other 
approaches. A range of computer programs, such as MapQTL (van Ooijen et al., 
2002) or MapMaker/QTL (Lincoln et al., 1993), are available for QTL analysis 
calculations. The restricted MQM (rMQM) option of MapQTL allows the use of all 
cofactor markers except the markers on the LG that the QTL is fitted. 
5.1.3.4.  Interpretation of interval mapping results 
Interval mapping methods produce LOD profiles plotted against the map positions of 
the markers. Maxima of this profile, which exceed a specified significance level, 
indicate the probable sites of a QTL between adjacent linked markers. The 
significance levels have to be adjusted in order to avoid false positives resulting from 
multiple tests. The threshold significance levels are determined most commonly by 
permutation tests (Churchill and Doerge, 1994). These tests involve repeated 
‘shuffling’ of the quantitative trait values over the progeny whilst the marker genotypic 
values are held constant (i.e. all marker-trait associations are broken) and QTL 
analysis is performed to assess the level of false positive associations. This process 
is repeated (e.g. 500 or 1000 times) and significance levels can then be determined 
based on these level of false positive associations (Collard et al., 2005). Another 
simple method for the determination of LOD thresholds was developed by van Ooijen 
(1999) based on a basic formula and four tables obtained by large-scale simulations. 
The most likely position of a QTL detected by interval mapping is the map position at 
which the LOD score is the highest. However, QTLs actually occur within confidence 
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intervals, which are set as the map interval corresponding to a specified LOD decline 
at either side of the LOD peak (Kearsey M.J. and Farquhar A.G.L., 1998). For 
example, the ‘1-LOD support interval’ determines the region that corresponds to a 
decrease of one LOD score. Dupuis and Siegmund (1999) showed with simulations 
that for dense maps 1-LOD and 1.5-LOD support intervals provide a QTL coverage 
probability of approximately 90% and 95% respectively. Bootstrapping is another 
possible statistically method to determine the confidence interval of a QTL (Liu, 
1998).  
5.1.4. QTL analysis in ryegrasses 
QTL mapping studies have been published in many crop species for important 
agronomic traits such as quality, disease resistance, grain yield and environmental 
adaptation. In fodder grass species, many results were recently published for 
ryegrasses and several other grasses such as meadow fescue (Fang, 2003, for seed 
yield and related traits; Ergon et al., 2006, for vernalisation requirement, heading time 
and number of panicles). Conserved synteny and introgression between grasses has 
allowed the detection of QTLs and associated markers for some traits (Armstead et 
al., 2006). Table 5.1 presents the QTL analyses published to date in ryegrasses (two 
of them concerned L. multiflorum and two of them interspecific L. multiflorum x L. 
perenne). Various traits were studied: herbage quality traits, nitrogen use efficiency, 
morphological and developmental traits, flowering time, vernalisation response, cold 
tolerance, disease resistances and lodging resistance. Yamada and Forster (2005) 
reviewed part of these studies.  
The earliest published studies were based on one-way pseudo-testcrosses (using 
inbred lines or double haploids) or F2 populations, while publications that are more 
recent have used full-sib families or two-way pseudo-testcrosses. In two-way 
pseudo-testcrosses, detectable QTLs are those for which one or both parents are 
heterozygous with alleles of strong alternative effects that are masked neither by 
dominance nor by environmental effects. An advantage of using such a population is 
that parents might be typical breeding material. Additionally, since both parents 
contribute to the variation, more variation is present in these populations than with 
inbred lines and a QTL or marker can  segregate  for  up  to  four  distinct alleles. The  
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Table 5.1: Review of QTL analysis of Lolium spp. (Lp: L. perenne, Lm: L. multiflorum) with 
analysis methods applied (BSA: bulk segregant analysis, SMR: single-marker regression, 
SIM: simple interval mapping, KW: Kruskal-Wallis, MQM: multiple QTL mapping, CIM: 
composite interval mapping) 
Species Population type Analysis method Trait(s) Authors 
Interspecific 
Lp and Lm 
1-way pseudo-testcross 
DH (Lp) x F1 (Lp x Lm) 
89 plants 
Retrospective 
method, One-
way ANOVA 
No. inflorescence, ear 
emergence, hay cut 
yield, ear in first year 
Hayward et al., 
1994 
Lp F2-population 188 plants SIM Crown rust resistance 
Thorogood et al., 
2001 
Lp 
2-way pseudo-testcross 
F1-population 
172 plants 
Multiple linear 
regression 
Morphological traits 
and rust resistance 
Barre et al., 2000* 
and 2002* 
Lp 
1-way pseudo-testcross 
DH x F1 
Unknown 
MQM NUE Van Loo et al., 2003* 
Lp F2-population 162 plants SIM, MQM Heading date 
Armstead et al., 
2004 
Lm 
2-way pseudo-testcross 
F1-population 
82 plants 
SIM, CIM Heading date, lodging resistance Inoue et al., 2004 
Lp 
1-way pseudo-testcross 
DH x F1 
183 plants 
SMR, SIM, 
CIM 
Morphological, 
developmental and 
winter hardiness-
associated traits 
Yamada et al., 
2004 
Lp 
1 way pseudo-testcross 
DH x F1 
155 plants 
SMR, SIM, 
CIM 
CP, in vivo DMD, 
neutral detergent fibre, 
WSC, metabolisable 
energy 
Cogan et al., 
2005 
Interspecific 
Lp and Lm 
‘3-generation population’ 
F1 x F1 (Lp x Lm) 
152 plants 
SIM, KW, 
MQM 
Gray leaf spot 
resistance 
Curley et al., 
2005 
Lp 
2-way pseudo-testcross 
F2-population 
184 plants 
SIM, MQM Vernalisation response 
Jensen et al., 
2005 a 
Lp 
2-way pseudo-testcross 
F1-population 
252 plants 
BSA, SIM, 
MQM Crown rust resistance  
Muylle et al., 
2005 a, 2005 b 
Lp F2-population 188 plants KW, SIM Self-compatibility 
Thorogood et al., 
2005 
Lp F2-population 180 plants 
SIM, KW, 
MQM WSC 
Turner et al., 
2005 
Lm 
2-way pseudo-testcross 
F1-population 
306 plants 
SIM, MQM Bacterial wilt resistance 
Studer et al., 
2006 
Note: * not yet published in reviewed journal 
 
main disadvantage is the low information content of dominant markers in such 
populations. 
The studies listed in table 5.1 used different QTL analysis methods. In almost all 
cases, a combination of methods were subsequently applied in order to verify and to 
get results that are more precise. The BSA approach was applied in ryegrasses by 
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Gao et al. (2002) for heterochronic mutation and by Dumsday et al. (2003) and 
Muylle et al. (2005 a) for crown rust resistance. The QTL analysis of Hayward et al. 
(1994) compared retrospective methods and a one-way ANOVA analysis. In the 
retrospective methods, they examined the association of markers with traits in 
populations, which had already undergone selection, to determine possible 
relationships. 
The exploitation of the homology between the Poeae tribe (including the genus 
Lolium) and other Poaceae such as rice, wheat, barley and maize may prove 
effective for the identification of common genomic structures and QTL locations in 
forage grasses (Cogan et al., 2005; Armstead et al., 2005). Cross-species and 
functionally associated genetic markers should enable such relationships to be 
established. The exploitation of the close relationship within the grass and legume 
families to identify relevant genes in forage crops is also extremely promising 
(Lübberstedt, 2005). 
5.1.5. QTLs for yield and quality traits  
In forage grasses, there is little published information on the positions of QTLs for 
yield and nutritive value (see table 5.1). Turner et al. (2005) reported the first results 
on QTL for quality traits in perennial ryegrass. They studied the regulation of 
carbohydrate (fructan but also sucrose, glucose and fructose) metabolism and 
identified 14 QTLs on chromosomes 1, 2, 5 and 6 (mainly for polymeric fructan and 
total WSC in autumn). Leaf and tiller base QTLs were located in different 
chromosomes. Cogan et al. (2005) identified substantial groups of QTLs for nutritive 
value traits (including WSC, CP and digestibility) measured by NIRS analysis. A total 
of 42 QTLs were observed and coincident QTLs were detected on chromosomes 3, 5 
and 7. The region on LG3 was associated with all measured traits across various 
experimental datasets. The region on LG7 was associated with variation for all traits 
except CP and is located near some lignin biosynthetic genes in wheat. In the two 
studies cited, replications over years or locations highlighted considerable QTL-by-
environment interactions for nutritive value traits, nevertheless significant genetic 
effects were still present. Only Hayward et al. (1994) identified some QTLs for DMY 
in ryegrass. This QTL was located on their LG13 (alignment with the reference LG 
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numbering was not established). No results for these traits have been published in 
other fodder grasses. 
For yield and nutritive quality traits, relevant comparison of QTL analysis results of 
forage grasses and other Poaceae species is not a matter of course: in forage 
grasses (and legumes), the aboveground parts are harvested before or during 
flowering while most other cultivated Poaceae are cultivated for seed harvesting. For 
these latter species, the seed yield has been widely investigated but the leaf or stem 
mass are not of direct interest. Even maize is quite different from forage grasses as it 
is harvested after seed-set, which greatly influences the quality of the forage. Turner 
et al., (2005) compared their results with those of Hayes et al. (1993), where QTLs 
for fructan content in barley were mapped on chromosome 5. In rice, WSC QTLs 
were mapped on chromosome 5 and 11 (Ngata et al., 2002). Cogan et al. (2005) 
established a correspondence of their nutritive value QTL chromosome regions with 
regions of maize chromosomes also identified as associated to nutritive traits (3/8, 
6/9 and 1/5 corresponding to Lp/maize chromosomes). QTL studies related to yield in 
fodder legumes have been published. DNA markers linked to yield, yield components 
and morphological traits were identified on LG2 by Musial et al. (2006) in lucerne 
(alfalfa, Medicago sativa L.), while Robins et al. (2007) identified DNA markers linked 
to biomass production on LG 5 and LG7. Relationship between these studies and 
possibly with results obtained in fodder grasses would necessitate the presence of 
common genetic markers. 
5.2. Material and methods 
5.2.1. Input 
Three types of input data are necessary for QTL mapping: the phenotypic dataset, 
the genotypic dataset and the linkage map dataset. Separate datasets for each of the 
four F1-populations were used. The individuals identified as a product of self-
pollination (see chapter 2 and 3) were excluded of the phenotypic and genotypic 
datasets. 
The phenotypic dataset contained the scores of each individual for dry matter yield 
(DMY), dry matter digestibility (DMD), water-soluble carbohydrates content of dry 
matter (WSC) and crude protein content of dry matter (CP) for the five cuts and the 
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totals or arithmetic means described in chapter 2. The genotypic dataset contained 
the genotype of each individual for the markers present in the linkage maps used for 
analysis. Lastly, input files contained the positions of the markers in the different 
linkage groups. The maps produced from the direct mapping with full marker dataset 
of the third mapping round presented in chapter 4 were used for QTL analysis. The 
option of using the third mapping round maps was guided by the ambition of having 
good saturated maps and good genome coverage for tightly linked QTL identification. 
As discussed in chapter 4 these maps were judged as good quality maps.  
5.2.2. QTL analyses 
The QTL analyses were performed separately for the four populations and for all 
LGs. When breeding for digestibility, Reheul and Ghesquiere (1994 a, b), 
recommended to consider all cuts to obtain optimal results. Indeed, the phenotyping 
described in chapter 2 showed that there was variation in ranking for yield and quality 
in the different cuts. Thus, in one or another way, all cuts had to be considered in the 
QTL analysis. However, due to time constraints QTL analysis on all cuts of all the 
studied traits (this meant more than 20 analysis) was not possible before MAS had to 
be performed. Therefore, the total or mean of the traits were considered (thus 
including the effect of all cuts), as well as some individual cuts. Focus on one or two 
of the three first cuts was chosen additionally to the total or mean of a trait. This 
because the first cuts are the most important cuts for Italian ryegrass as fodder crop. 
For DMY, associations for cut 5 were also investigated as it reflects the persistency 
of the material. Finally, the following 12 parameters were analysed: total DMY of the 
five cuts (DMY-T), DMY at cut 1 (DMY-1), DMY at cut 2 (DMY-2), DMY at cut 5 
(DMY-5), arithmetic mean of CP of the five cuts (CP-M), CP at cut 1 (CP-1), 
arithmetic mean of WSC of the five cuts (WSC-M), WSC at cut 2 (WSC-2), WSC at 
cut 3 (WSC-3), arithmetic mean of DMD of the five cuts (DMD-M), DMD at cut 1 
(DMD-1) and DMD at cut 2 (DMD-2). 
The QTL analyses were performed using the software MapQTL version 4.0 (Van 
Ooijen et al., 2002). This program allows the detection of QTLs in full-sib families of 
cross-pollinating species with up to four alleles per segregating locus. The statistical 
tools implemented in MapQTL used to detect candidate QTL were the Kruskal-Wallis 
test and the simple interval mapping (SIM). The KW test was used because not all 
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traits fitted perfect normal distributions for all cuts performed (see chapter 2). The KW 
test can deal with non-normal distributions, does not use the map order of markers, 
while SIM is sensitive to deviations from normality and integrates the mapping 
results. In addition, the KW test allowed confirmation that markers linked to QTLs, 
detected by SIM, were significant when examined individually. Graphics were 
produced by MapQTL 4.0 and MapChart software (Voorrips, 2001).  
The selection of markers putatively linked to a QTL was based on the combination of 
LOD thresholds of IM, number of iterations of IM and significance threshold of KW 
analysis. The LOD significance thresholds were determined for each trait and each 
LG by permutation tests (1000 iterations) using MapQTL. 
Markers fulfilling the following criteria were retained:  
- SIM LOD score higher than the 90 % confidence threshold; 
- SIM number of iterations < 20; 
- KW significance level P <0.1. 
For comparison, the same analyses were performed using the maps of the second 
mapping round and the integrated maps (see chapter 4). Attempts to apply restricted 
MQM analyses (MapQTL 4.0) were made but calculations were not performed for all 
traits and all linkage groups. 
5.2.3. Phenotypic variance explained and percentage effect value 
The percentage of variance explained by a given marker was determined by the SIM 
method. The impact of the identified QTL alleles was estimated by the calculation of 
a percentage effect value. 
This value was calculated using the mean values given in the IM output:  
   % effect = (mu max – pop mean) / pop mean x 100 
with:   mu max    =  maximum mean value of plants with same allele configuration for 
the  trait; 
pop mean = mean value of the whole population for the trait. 
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5.3. Results and discussion 
5.3.1. Kruskal-Wallis analysis 
All 12 traits of the four populations were analysed by the KW method even though 
most of them were normally distributed. The result is presented in table 5.2. The 
number of significant associations between markers and traits (P<0.1) ranged from 
37 to 112. This number varied between traits, between the different cuts, mean or 
total of a specific trait, as well as between populations for a specific trait. On average 
DMY obtained the lowest number of associated markers while DMD had the highest. 
Few associated markers were found associated with WSC at cut 2. 
 
Table 5.2: Number of markers significantly (P<0.1) linked to the different traits detected by 
the KW analysis in the four populations (C1 to C4) 
Pop. DMY-T DMY-1 DMY-2 DMY-5 CP-M CP-1 WSC-M WSC-2 WSC-3 DMD-M DMD-1 DMD-2 
C1 88 82 69 91 94 65 54 42 62 72 69 57 
C2 72 71 54 69 71 53 77 37 68 41 44 48 
C3 45 62 54 38 52 67 59 51 44 76 76 76 
C4 38 64 47 51 95 112 61 44 86 92 111 67 
 
5.3.2. Simple interval mapping 
All 12 traits of the four populations were analysed by the simple interval mapping 
method. LOD significance thresholds were determined for each trait and LG 
individually by permutation tests (1000 iterations). The number of markers with a 
LOD score higher than the 90% confidence threshold for the different traits in the four 
populations ranged from one to 45 (table 5.3). Same results as for the KW analysis 
results were obtained. Additionally, for the different traits, the percentage of markers 
with the number of iterations lower than 20 ranged on average from 78 to 90 % 
depending on the population. Examples of IM LOD profiles for some of the QTLs are 
presented in figure 5.1. 
 
Table 5.3: Number of markers with SIM LOD score higher than the 90 % confidence 
threshold for the different traits in the four populations (C1 to C4) 
Pop. DMY-T DMY-1 DMY-2 DMY-5 CP-M CP-1 WSC-M WSC-2 WSC-3 DMD-M DMD-1 DMD-2 
C1 11 7 13 22 9 2 35 13 1 24 8 29 
C2 9 21 8 17 45 31 7 2 5 24 3 5 
C3 2 7 1 9 8 30 34 15 4 24 21 36 
C4 18 4 8 19 5 3 14 9 40 35 24 19 
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5.3.3. Identifications of markers associated to QTL 
The KW test and SIM results were combined to identify putatively linked markers for 
each trait in the different populations: based on criteria determined for the LOD 
thresholds and number of iterations of SIM, and on the significance test of KW. 
Results are summarised in table 5.4. The full lists of identified linked markers and 
their characteristics are given in appendix (tables A.1 to A.4). 
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Figure 5.1: Illustration of the LOD score profiles in function of the position (cM) on linkage 
groups (numbering of LG in accordance to the ILGI map, except for those between brackets) 
for traits where major QTL markers were found in the different mapping populations.  
 
The number of linked markers identified varied between populations and between 
traits. In some cases, more linked markers were identified for the mean value of a 
trait than for the cuts separately (WSC-M in population C1 and C3 for example). In 
other cases, more linked markers were identified for the individual cuts than for the 
mean or total of the traits. On average, population C4 presented the highest number 
of linked markers detected as well as the highest LOD values (minimum and 
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maximum). In population C1, no markers were associated to CP-1 and WSC-3. On 
average, the least number of markers were found associated with DMY while the 
most number of markers were associated with DMD and WSC. A majority of all these 
markers presented LOD values higher than 3.0 and only a small number presented 
LOD values lower than 2.5. The numbers of associated markers were not correlated 
to the coefficients of variation observed in the F1-populations for the different 
components of the traits (see table 2.6 in chapter 2). 
5.3.4. Phenotypic variance explained and percentage effect value 
The average phenotypic variances explained and the percentage effect values 
obtained by selected QTL markers for the different traits in the different populations 
are given in table 5.4. The values obtained by each marker are given in tables A.1 to 
A.4 of the appendix. 
The phenotypic variance explained by each marker was calculated using SIM. The 
variance explained by individual markers ranged from 9.7 to 40.0%. Quite small 
differences in the ranges of the variance explained were observed between the traits 
and between populations. On average for the four populations, DMY-1 possessed 
the highest percentage of variance explained. Such range of percentages was 
observed in other studies on quality traits. The individual QTL identified by Turner et 
al. (2005) for fructan metabolism traits explained between 8 to 59% of the total 
phenotypic variation in the traits (MQM analysis). The phenotypic variance explained 
by the QTLs identified by Cogan et al. (2005) varied from 6.5 to 19.3% for CP, from 
7.9 to 17.2% for DMD and 2.7 to 18.6% for WSC (SIM analysis). The 59% variation 
explained found by Turner et al. (2005) is rather high and exceptional for such trait. 
Major QTLs explaining high percentages of variation were found in ryegrass for traits 
such as heading date (Skot et al., 2005: 70%) and disease resistances (Studer et al., 
2006: 67% for bacterial wilt resistance). However, most QTLs found in ryegrass 
(even for disease resistances) explained in the range of 5 to 30% of the variation 
(Inoue et al., 2004; Curley et al., 2005; Muylle et al., 2005 b; Jensen et al., 2005 a). 
The percentage effect value was calculated for all marker-trait associations as 
already described. The percentage obtained by an individual marker identified as 
associated to a trait ranged from 0.5 up to 52.1%. High percentages were obtained 
for DMY parameters (from 6.6 to 25%). In contrast, low effect percentages were 
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observed for DMD parameters (from 0.7 to 2.2%). For a given trait, variation existed 
between populations. Population C1 presented the highest values for DMY traits 
while population C4 had on average the lowest values for these traits. Population C3 
presented the highest average percentages for WSC and CP parameters. 
The percentage effect value of the markers, together with the percentage of variation 
explained obtained from the SIM were used to judge the effect of the QTL on the 
phenotype and to identify major QTLs. Examples of the SIM LOD profiles of major 
QTLs are presented in figure 5.1. Markers explaining the highest percentage of 
variation and having highest percentage effect were not always the most strongly 
linked to the traits. This is not completely unexpected, if the map is not saturated in 
the region around the QTL. 
5.3.5. Localisation of QTL associated markers on linkage maps 
The LGs containing markers associated with the different traits in the four 
populations are listed in table 5.4. The major QTL regions on the different linkage 
maps are presented in figures 5.2 to 5.5. 
 
Legend of figures 5.2 to 5.5:  
- The size (cM) of each LG is indicated on the left side of each LG. 
- Marker names are shown on the right side of each LG: 
• SSRs with a prefix Rye or Uni, 
• STSs in bold capital letters, 
• AFLPs with a prefix PC, 
- The numbering of LG1 to LG7 is in accordance with the ILGI map; 
other LG numbers (8 and 9) are placed between brackets. 
- The QTLs are indicated on the left side of each LG 
• DMY-T = total DMY, DMY-1 = DMY at cut 1, DMY-2 = DMY at 
cut 2, DMY-5 = DMY at cut 5; 
• CP-M = arithmetic mean of CP, CP-1 = CP at cut 1; 
• WSC-M = arithmetic mean of WSC, WSC-2 = WSC at cut 2, 
WSC-3 = WSC at cut 3; 
• DMD-M = arithmetic mean of DMD, DMD-1= DMD at cut 1, 
DMD-2 = DMD at cut 2. 
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For most traits, associated markers were identified on several LGs. Consistencies 
between the mean or total of a trait and specific cut(s) of that trait were often found 
but differences were also identified. Such consistencies were found for DMY on LG4 
in population C1, LG4 and LG6 in population C2, LG7 in population C3 and LG(8) 
and LG3 in population C4. For DMD, consistencies were found in population C3 
(LG3b, LG4, LG6, LG7) and in population C4 (LG2). In many cases, the 
corresponding chromosome regions were identified in different populations, but this 
was not always the case. Some similarities in the region identified for CP and WSC 
parameters were also observed. 
For CP and WSC, the similarities between populations were more remarkable. CP-M 
appeared in all four populations on LG4, as well as CP-1 in population C2 and C4. 
WSC-T appeared on LG6 and LG7 in three of the populations while WSC-2 and 
WSC-3 were either on LG7 or on LG3b. Otherwise, in most cases, differences 
between populations were observed. 
In addition, QTLs for multiple traits were identified in the different populations. In this 
way, the central chromosome regions of LG3b in population C3 seemed determining 
for WSC and DMD. Major QTLs for DMD, WSC and CP appeared on the same 
region of LG6 in population C3. In population C4, such determining regions were 
observed on LG2, LG(8) and LG(9). Such regions were barely found in population C1 
and C2 for the major QTLs identified. On the contrary, some LGs contained no or 
very few associated markers for the studied traits (LG1, LG3 and LG5 in population 
C1; LG3 and 3b, LG(9) in population C2; LG(9) in population C3; LG1, LG6, LG7, 
and LG10 to LG13 in population C4). In the case of LG5 (only present in map of 
population C1), a large number of markers had high LOD values in SIM and were 
significantly associated in the KW analysis for traits such as DMD-1, DMY-1, DMY-5 
and CP-1 but these markers were not retained since very high numbers of iterations 
were obtained. 
Some similarities can be established with the results of the few QTL studies 
published for quality traits in fodder grasses. Turner et al. (2005) found QTLs for 
carbohydrate metabolism on LG1, LG2, LG5 and LG6, while Cogan et al. (2005) 
identified QTLs for WSC on LG1, LG2, LG3, LG5 and LG7. In the present study, 
QTLs for WSC were also identified on LG2, LG3, LG6 and  LG7  but  not on LG1 and 
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QTL analysis 
LG5 (LG5 was present only in the map population C1). Like Cogan et al., (2005) 
QTLs for CP were found on LG2, LG3, and LG4 but not on LG1. For DMD, Cogan et 
al. (2005) found QTLs on LG3, LG4 and LG7. In the present study, QTLs for this trait 
were also found on these three LGs. These similarities were observed especially in 
population C1, C2 and C3. The mapping of more publicly available co-dominant 
markers or functionally associated markers would help to establish more precisely 
synteny with results published in fodder grasses and other species.  
5.3.6. Function of identified STS associated markers 
A number of the STS primer sets tested in the different populations displayed 
associations to traits (table 5.5). These STS primer sets were derived from 
consensus sequences related to different gene functions from different 
monocotyledons. The gene functions of the associated primer sets were coding for 
different level of enzymes acting in important physiological pathways. All primer sets, 
except OSW and PGLU, were associated to more than one trait in one or more of the 
populations. The results were not consistent in all populations. The results did not 
reveal relevant functional association with one or the other studied trait. 
 
Table 5.5: STS primer sets (Lallemand et al., 1998), origin of the consensus sequences on 
which primers were designed and corresponding populations and traits where QTL 
association was found 
QTL association Primer 
set Gene 
Origin consensus 
sequences Pop. Trait 
ADH Alcohol dehydrogenase Maize, barley and rice C2 C3 
CP-M, CP-1 
DMD-2 
OSW ADP-Glucose glycosyl transferase 
Maize, barley, rice and 
sorghum 
C1 
C2 
DMD-2 
DMD-M 
PHOS Phospholipase Maize and rice C4 DMD-M, WSC-M 
PGLU Prepro glutelin Rice and oat C4 DMY-T, DMY-2, DMY-5 
CAT Catalase Barley and rice C3 C4 
WSC-M 
DMY-T 
SER Serine carboxypeptidase Barley and rice C1 C2 
DMD-M 
CP-1 
ASP Aspartic protease Barley and rice C1 C4 
DMY-5 
DMD-M, WSC-M, DMY-T, DMY-5 
 
5.3.7. Comparison to QTL analysis using integrated parental maps 
For comparison of results, QTL analysis (IM and KW) was also performed using the 
maps obtained by the integration of parental maps including class 6 markers (see 
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chapter 4). Overall, the KW and IM analyses revealed similar numbers of significantly 
associated markers (the same conditions were applied as with the other maps). 
However, some differences in the associated markers were identified. For 
respectively population C1, C2, C3 and C4, 53%, 50%, 59% and 79%. of the 
associated markers identified in the first analysis were also identified using the 
integrated maps. Population C3 presented highest number of differences when 
looking at the traits separately. On average for the different traits, minima and 
maxima of the LOD of associated markers were similar to those obtained with other 
maps. High similarities appeared when looking at the LGs where QTL, associated 
markers and even major QTLs were found. 
5.3.8. Comparison to QTL analysis using maps of the second mapping round 
The QTL analyses (IM and KW) were performed again using the maps (direct 
mapping with full marker dataset) of the second mapping round for population C1. 
Before analysis, we calculated that 75% of the previously identified associated 
markers were mapped at the second mapping round. 
Overall, the combined KW and IM analyses revealed a lower number of significantly 
associated markers (45 while previously 71). Finally, 42% of the markers were 
common with the ones identified using the maps of the third round. No associated 
marker was found on LG1 where a marker for DMY-1 had been identified. Results on 
LG3, LG5, LG6, LG7, LG8 and LG9 were very similar for the different traits: same 
regions on the LGs appeared associated to the traits and most associated markers 
were common. LG2 was again associated to DMD-1, DMD2 and WSC-M but more 
markers appeared associated to the traits. On LG4, no markers linked to DMD were 
found and markers associated to DMY were quite different (but situated on the same 
chromosome region). As previously, LG5 presented interesting markers for several 
traits but the numbers of iterations were very high.  
5.3.9. Restricted MQM analysis 
The rMQM analysis of MapQTL 4.0 was used. In this method, co-factors are selected 
to absorb the effects of segregating QTLs on the same or on other linkage groups. 
One or more round of analyses have to be performed using adapted cofactor sets 
 130
QTL analysis 
until stable results are obtained. The method necessitates very long computing time. 
Outputs are comparable to the SIM LOD profiles. 
Restricted MQM analysis was applied for all traits in population C1, simultaneously 
on all LGs from direct mapping genetic maps. As for the SIM, the significance of the 
LOD thresholds was adjusted by the permutation tests (1000 times) implemented in 
MapQTL 4.0. First analysis was performed using the major QTL markers identified by 
the SIM-KW as co-factors. When necessary some of these co-factors (starting with 
the ones with lowest variation explained and effect per LG) were removed to allow 
calculation. In most cases, several calculation rounds were necessary to obtain 
stable results. For DMD-1 and DMD-2, the results were identical to the SIM results. In 
most other cases, all or part of QTL markers previously identified remained significant 
but other markers appeared associated to the traits (on same or different LGs). For 
DMY-1 and DMY-2 the previously identified markers were not identified as 
associated by the rMQM. For CP-1 and CP-M calculations were not possible even 
after testing different cofactor sets. On average 21% of the markers identified by SIM 
and KW were identified by the rMQM. The rMQM analysis was performed after the 
associated markers were applied in MAS. MQM analysis in the other populations has 
not been performed in the present PhD thesis but will be the scope of further 
analysis.  
5.3.10. Combination of results of all analyses performed for population C1 
Some markers and QTL locations were highlighted in all the analyses performed in 
population C1, using the different maps and the different calculation methods. Table 
5.6 gives the characteristics of these markers identified for the different traits. No 
marker associated to DMY-1, DMY-2, CP-M, CPC-1, WSC-2, WSC-3 or DMD-1 was 
identified by all methods applied.  
Using different analysis methods allows the confirmation of the location of the QTLs 
or the detection of major QTLs or false positive QTL. In most publications, two to 
three methods are generally compared and the percentage of markers commonly 
identified by different methods is variable. In the multi-location QTL analysis of Cogan 
et al. (2006) on white clover, the percentage of QTLs unequivocally identified by the 
three  different  methods  applied  (SMR,  SIM  and  CIM)  were  13%,  30% or  41%  
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Table 5.6: Markers commonly identified for the different traits by the different analysis 
method applied for population C1, and the LG they are situated on 
Trait Marker LG 
Rye035 
PC6-183 
PC3-299 
PC6-124 
DMY-T 
PC5-392 
4 
ASP 
DMY-5 PC6-197 (8) 
PC5-324 
PC4-178 
PC1-163 
PC3-193 
PC1-224 
WSC-M 
PC7-249 
7 
PC6-197 
PC1-291 DMD-M 
PC4-264 
(8) 
Rye022 
DMD-2 PC8-341 2 
 
depending on the test location. Inoue et al. (2004) performed their QTL analysis for 
lodging resistance and related traits in Italian ryegrass, first using the maps produced 
by direct mapping and the SIM and KW test. They repeated the analysis on the 
separate parental linkage maps using CIM.  First analysis revealed 17 QTLs for all 
traits by SIM from which three were not detected by the KW test. The second 
analysis revealed some (9) but not all QTLs previously identified, as well as new 
ones. 
The QTLs markers presented in table 5.6 for population C1 confirmed by the several 
analysis methods may be the most interesting ones for application in breeding. 
Combination of results in the same way for the other populations would bring further 
information but this will be the scope of future analysis outside this present study. 
5.4. Conclusions 
Identification of QTLs and flanking markers for complicated quantitative traits such as 
yield and quality characteristics is not a simple matter. Not only do the plants have to 
be cautiously phenotyped and fingerprinted, defining thresholds to decide whether a 
marker is linked with the trait or not is also important and identification of major QTLs 
is not always possible. In some cases, only minor QTLs spread over the genome can 
be found. Combining different QTL analysis methods is necessary as contradictory 
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results can be obtained. In the present study, the combined KW test and SIM results 
used for QTL markers identification highlighted many different regions implicated in 
the inheritance of the different traits. In most cases, major QTLs were identified. This 
study was the first one to analyse simultaneously several mapping populations of 
different origins for QTL identification in fodder grasses. Common QTL markers or 
QTLs located on the same chromosome regions were identified in the different 
populations but the associated markers were in most cases different in the different 
populations. This is perhaps not surprising, as not all the associated markers were 
polymorphic in all populations. 
Dense linkage maps based on microsatellites, STS and AFLPs were used for QTL 
analysis on the separate populations combining KW test and SIM (MapQTLv.4.0). 
Markers combining simultaneously several conditions (SIM LOD score higher than 
the 90 % confidence threshold, SIM number of iterations < 20 and KW significance 
level P<0.1) were retained. QTLs were qualified as major QTLs when they combined 
high level of significance for SIM and KW, high percentage of variation and high 
percentage effect. The number of significantly linked markers varied between 
populations and between traits. On average for the four populations, the number of 
markers linked to DMY-T, CP-M, WSC-M and mean DMD-M were respectively 5.5, 
6.0, 10.0 and 10.0, explaining 14.6, 17.2, 14.8 and 17.9% of the variation 
respectively. The mean or total of traits identified common markers associated with 
specific cuts of these traits, however in most cases results were different for specific 
cuts. On average, population C4 presented the highest number of linked markers 
detected as well as the highest LOD values. Some linked markers for multiple traits 
were identified, especially between DMD and WSC. For DMY, major QTLs were 
identified on LG4 in three of the four populations and additional QTLs were found on 
LG1, LG2, LG6, LG(8) and LG(9) in one or the other population. For CP, major QTLs 
were present on LG4 in all populations but as well as on LG7 and LG6. For WSC, 
major QTLs were located on LG2, LG3 or LG7 in two of the populations; other major 
QTLs were found on LG6, LG4, LG(8) and LG(9). No consistent LG between 
populations was revealed for DMD but major QTLs were found on either LG2, LG3, 
LG4, LG 6, LG 7, LG(8) or LG(9). However, a majority of QTLs were located in 
chromosome regions specific to each population. Additionally, even though common 
regions were identified the associated markers were in most cases different. 
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Some similarities were established between these results and those of the few 
studies already published for quality traits in fodder grasses (Turner et al., 2005; 
Cogan et al., 2005): LG2, LG3, and LG4 for CP, LG2, LG3, LG6 and LG7 for WSC 
and LG3, LG4 and LG7 for DMD. The mapping of more co-dominant markers or 
functionally associated markers would help to establish synteny with results 
published in fodder grasses and other species more precisely. 
Complementary analysis using alternative maps (integrated parental maps or maps 
of second mapping round instead of maps of third mapping round produced from the 
direct mapping) or other analytical approach (rMQM) were performed in at least one 
population. In each case, a relatively good percentage of the associated markers 
were highlighted but new candidates were also highlighted. For population C1, these 
analyses highlighted what could be the most interesting QTL markers for application 
in breeding. Combination of results in the same way for the other populations would 
bring further information but this would require much more time than attributed in the 
present project and will be the scope of future analysis. 
Most QTL studies published to date in fodder grasses and related species have not 
moved further than the QTL identification step. However, once markers linked to 
QTLs are identified, the remaining questions are: ‘what are their effects when 
effectively applied in a MAS breeding program’, ‘are they still effective in different 
environments’ and ‘are they present in other populations’ with a different genetic 
background’. In the present study, the objective was to test the identified QTL 
markers by MAS in populations derived from the segregating populations in different 
environments. This MAS was done using the QTLs markers presented at point 5.3.3. 
Results are presented in chapter 6. 
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CHAPTER 6 
MARKER ASSISTED SELECTION AND EVALUATION 
 
 
 
Objectives 
DNA markers linked to yield and quality traits were identified in the four F1-
populations generated by pair-crosses between non-related elite clones (chapter 5). 
The strategy employed for our study involves the application of marker assisted 
selection (MAS) on genotypes produced from the self-pollination of elite genotypes of 
the F1-populations (S1-genotypes), using marker information generated at the level 
of the F1-populations. These S1-individuals should present a higher level of 
homozygosity than the F1-individuals and in this way should amplify the effect of 
MAS. 
The present chapter describes the fingerprinting of the S1-genotypes, the method 
applied for the MAS of interesting S1-genotypes and the resulting compositions. The 
impact of MAS was evaluated under relevant practical conditions (yield and quality 
plots) by comparison of the different selections to standard varieties, to conventional 
breeding compositions of the same origin and to intercrosses of S1-genotypes not 
retained by MAS. 
The main objective was to evaluate the identified QTL markers, the MAS strategy 
applied, as well as the opportunity of using self-pollination in ryegrass breeding and 
its possible heterosis effect. An additional objective of the study was to generate 
through MAS, valuable material which might lead to new variety creation by 
searching for genotypes with simultaneous high yield and high quality value. 
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6.1. Introduction 
6.1.1. Use of QTL markers in breeding 
The use of marker technologies in plant breeding offers the potential for more 
accurate development of cultivars with a broader adaptation within in a shorter period 
of time. The field of application of molecular markers has been reviewed in the 
general introduction of this thesis. MAS and marker assisted backcrossing (MAB) are 
major applications. MAS is especially promising for traits with low heritability, 
whereas MAB allows tracing of favourable alleles, which is particularly useful in the 
case of recessive gene action (Lübberstedt, 2005). As already mentioned in the 
general introduction, the development and application of ready-to-use DNA markers 
in a given crop is highly dependent on the nature of the crop, the breeding scheme 
and the trait(s) of interest. MAS is more straightforward in its application for 
inbreeding species, than for out-breeding species. Additionally, MAS is easier to 
apply for traits determined by a single or very few genes of major effect (Moreau et 
al., 2004).  
For quantitative traits, marker information can help to increase the frequency of 
positive QTLs or to reduce the frequency of negative QTLs in breeding materials. 
Markers might also help break down unfavourable correlations between quantitative 
traits of interest. By marker assisted backcrossing, QTL markers can be introgressed 
in elite germplasm but this is not as easy as for monogenic traits. When the number 
of QTL to be manipulated increases, the marker assisted introgression is no more 
feasible and other strategies have to be developed (Moreau et al, 2004). Selection 
indexes can be developed from marker information around and within a QTL 
(Kearsey and Farquhar, 1998; Moreau et al., 2004). The ultimate goal of MAS would 
be to enable the identification of the ideal genotype(s) combining the favourable 
allele(s) responsible for the agronomic trait(s) of interest. Therefore, candidate gene-
derived or even functional markers would be most effective. Even though many 
reports on QTL studies have been published for most important crops, the effective 
use of molecular markers for variety creation stays limited. It is quite difficult to know 
what is being done in private companies, but it seems that marker applications are, 
up to know, still limited to genetic diversity studies, prediction of crosses, recurrent 
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backcrossing and MAS for traits explained by a few major genes such as disease 
resistances. 
A crucial issue is the robustness of QTLs across multiple environments and across 
different genetic backgrounds. A first question is to what extent are results obtained 
in ‘artificial’ experimental situations (like greenhouse conditions, single spaced plants 
or monoculture) transferable and valuable to operational breeding programs (Van 
Bockstaele, 2006). The same question may be formulated on the transferability of 
results to unrelated populations. Also, in an experiment of QTL mapping for forage 
traits in unrelated maize mapping populations, 70% of the detected QTL were 
specific to each population (Lübberstedt, 1997 a, 1997 b, 1998). Thus, to be useful in 
breeding programs, QTLs or genes identified in specific populations or test systems 
need to be reconsidered when used in breeding populations under relevant practical 
conditions and within different genetic backgrounds. Chapter 5 has already shown 
that the QTL markers and locations identified in ryegrass populations of different 
origins for yield and quality traits presented similarities between populations but that 
in general, the associated markers and QTL locations were different. The scope of 
the present chapter was to investigate the effect of the markers after MAS in derived 
populations and in different environments. 
6.1.2. MAS for forage grasses 
In major crop species, the development of high-resolution genetic maps has enabled 
the identification of chromosomal regions or, in some instances, the individual 
sequence variants that are responsible for trait variation. In forage grasses, there 
have been relatively few reports of QTL analysis until recently, due to the absence of 
sufficiently well developed genetic maps (Yamada and Forster, 2005). As already 
detailed in chapters 4 and 5, the last few years have been rich in QTL analysis and 
detailed dissection of complex phenotypes of forage grasses. Conserved synteny 
with known QTLs or genes for equivalent traits in other Poaceae has been 
established for QTLs identified in perennial ryegrass (Jones et al., 2002 a). The 
information on co-location should be useful for the choice of QTLs for practical 
implementation in forage programs (Yamada and Forster, 2005). However, almost no 
published QTL markers in forage grass species have yet been confirmed in relevant 
practical conditions or unrelated genetic populations. The use of DNA markers 
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associated to any specific traits to select interesting genotypes has not yet led to the 
effective creation of new varieties. 
6.1.3. MAS with QTL markers 
Before applying a QTL marker for MAS, the impact (positive or negative) of the 
different allelic combinations of a marker (or a QTL) on trait performance has to be 
evaluated. The trait mean of the different allelic combinations provides useful 
information for this purpose. Using double pseudo-testcrosses, up to four different 
QTL alleles are present in the parents of a cross and up to four allele configurations 
are present in the F1-offspring. If the genotype for one parent at the QTL locus is 
Q1Q2 and for the other parent Q3Q4, only the difference between the average trait 
value of (Q1Q3+Q1Q4) versus (Q2Q3+Q2Q4) in the first parent and (Q3Q1+Q3Q2) 
versus (Q4Q1+Q4Q2) in the second parent can be tested (Gratapaglia et al., 1995). 
Such way of testing the effect of allele substitution is less powerful than testing the 
difference between the trait value of Q1Q1 versus Q2Q2 but it provides valuable 
information on the genotype mean. In the case of dominant markers, the power 
limitation clearly increases (Asins, 2002). In practice, the trait mean values produced 
in the output of the QTL analysis for the different allelic combinations may be used. In 
this way, best genotypes (or genotypes which are better than the population mean) 
can be identified quite simply within populations with the same background as the 
population where the QTL markers were identified. However, in derived populations 
or in unrelated populations presenting new allelic combinations, the estimation of the 
impact of each allele or allelic combination is more complicated. 
Declaring an association significant but selecting the wrong marker allele as being 
linked to a favourable QTL is the Type 3 error (Dudley, 2004). Following Dudley 
(2004), Type 3 errors are the most important type of error in marker-QTL 
identification but they are rare. 
6.2. Material and methods 
6.2.1. Strategy 
The strategy applied for MAS is illustrated in figure 6.1. Two-way pseudo-testcross 
F1-populations generated by pair-crosses between unrelated elite clones from the 
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ILVO breeding pool were used for the identification of QTL markers. The F1-
genotypes were phenotyped for dry matter yield (DMY), water soluble carbohydrates 
content (WSC), crude protein content (CP) and dry matter digestibility (DMD). The 
F1-genotypes, as well as the parents of each cross, were fingerprinted using 
microsatellite, STS and AFLP markers. Dense linkage maps were constructed for 
each population. Based on these data, QTL analyses were performed on the 
separate populations. For each population and each trait, a number of markers 
explaining variable percentages of the variation were found. MAS was performed on 
genotypes generated from the self-pollination of elite genotypes of the F1-
populations (S1-genotypes), using the QTL markers identified at the F1-level. The 
elite F1-plants were selected using only phenotypic information. QTL-marker 
information was used to select S1-genotypes either carrying QTL-alleles with positive 
or negative effects for the different traits studied: DMY, DMD, CP and WSC. After 
intercrossing of S1-plants in isolated polycross fields, the compositions (DMY+, DMY-
, DMD+, DMD-, CP+, CP-, WSC+ and WSC-) were evaluated on the field in yield and 
quality plots for comparison to standard varieties, to conventional breeding 
compositions of the same origin and to intercrosses of S1-genotypes not retained by 
MAS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
• MAS (positive and negative) 
• Fingerprinting 
 • Fingerprinting 
…
Self-pollinations
DMY-, DMD+,……
• Seed production 
• Yield and quality plots 
C x D
DMY+
F1s
Pair-crossings 
S1s
A x B
• Phenotyping 
• Fingerprinting, mapping  
   and QTL analysis 
Figure 6.1: Illustration of the strategy applied for the MAS (F1s = F1-populations, S1s = self-
pollinated populations) 
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6.2.2. Description of the S1-populations 
Elite F1-genotypes satisfying different phenotypic criteria mainly for yield and quality 
traits were identified, as described in chapter 2. Four groups of genotypes were 
selected based on highest DMY, highest CP, highest WSC and highest DMD. In 
addition, all these genotypes had to fulfil the following conditions: rust score lower 
than 4, DMY in the top 20% of all populations, and DMD, WSC and ‘growth sum’ 
higher than the mean of all populations. In this way, one common plant was selected 
for WSC and DMD from population C4. Twenty four F1-genotypes were selected: 7 
from population C1, 9 from population C2, 4 from population C3 and 4 from 
population C4. They were self-pollinated in isolation cells for the generation of the 
S1-populations. Twenty-three of these selfings yielded sufficient seed for further 
experiments. Seeds were sown in order to obtain S1-populations of 25 genotypes 
each, which gave a total of 575 (23 populations x 25 plants) S1-genotypes.  
6.2.3. Markers applied for MAS 
MAS for the four main traits studied was based on the QTL markers identified in 
chapter 5 for the several components of each trait (DMY-T, DMY-1, DMY-2, DMY-5, 
DMD-M, DMD-1, DMD-2, WSC-M, WSC-2, WSC-3, CP-M and CP-1). The choice of 
these particular components was explained in chapter 5. The number of markers 
used and their mean percentage effects in each population for each trait component 
are summarised in table 6.1. Some of the markers were common between 
populations and between traits. The impact of the different alleles or allelic 
combinations was evaluated by comparison of the trait means of the different allelic 
combinations in the F1-populations with the population mean. Favourable (for all 
traits: trait mean higher than the population mean) and unfavourable QTL alleles (for 
all traits: trait mean lower than the population mean) or QTL allele configurations 
were identified. Positive MAS included plants containing the most favourable alleles 
or allele configurations (details in the next two paragraphs). Negative selection was 
performed by selecting genotypes with the least number of favourable alleles or 
allelic combinations. 
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Table 6.1: Number of QTL markers applied for the different traits depending on the 
population from which the plant is derived and their average percentage effect (% effect). 
Population C1 Population C2 Population C3 Population C4 
Trait No. of 
markers % effect 
No. of 
markers % effect 
No. of 
markers % effect 
No. of 
markers % effect 
DMY-T 8 15.3 3 12.9 2 10.8 11 10.7 
DMY-1 2 12.8 10 13.0 3 14.5 1 8.9 
DMY-2 7 9.8 3 12.7 1 6.8 4 6.6 
DMY-5 8 25.0 4 11.7 8 11.4 8 14.2 
CP-M 1 4.2 17 3.5 5 14.0 1 3.2 
CP-1 - - 11 4.0 13 6.2 1 5.6 
WSC-M 16 5.2 55 4.4 14 5.9 5 4.2 
WSC-2 4 4.8 1 3.6 4 9.3 1 4.3 
WSC-3 0 - 2 6.6 2 4.9 24 5.7 
DMD-M 12 2.2 5 1.4 5 2.4 18 2.1 
DMD-1 1 1.6 1 1.0 16 1.6 18 1.0 
MD-2 6 1.0 1 0.9 17 1.8 11 1.4 
Note: some of the makers were common between populations and between traits 
6.2.4. Fingerprinting of the S1-genotypes 
Plant material was harvested on seedlings of the 575 S1-genotypes and immediately 
frozen in liquid nitrogen, lyophilised for 48 hours and placed in vacuum pack for 
storage at -20°C. DNA isolation and fingerprinting followed the protocols described in 
chapter 3.  
Different SSR and STS primer combinations were used for fingerprinting depending 
on the S1-population, as only SSR and STS markers for which an association with a 
trait was detected in the corresponding F1-population were used (table 6.2). 
Protocols for fingerprinting with co-dominant markers were as described in chapter 3. 
The scoring method was the same as for the F1-popualtions, taking into account the 
new possible allelic combinations (table 6.3). 
 
Table 6.2: STS and SSR primer combinations applied in consideration of the F1-populations 
the S1-populations were derived from 
 Population C1 Population C2 Population C3 Population C4 
STS  SER , ASP ADH, OSW ADH, CAT, SER PHOS, PGLU, CAT, ASP 
SSR Rye022, Rye035  Rye005, Rye014   
 
All eight AFLP primer combinations (EcoRI+ACG-MseI+CAA (PC1), EcoRI+ACC-
MseI+CAT (PC2), EcoRI+AAC-MseI+CAT (PC3), EcoRI+ACT-MseI+CAA (PC4), 
HindIII+TGC-MseI+CTC (PC5), HindIII+TGG-MseI+CAT (PC6), HindIII+TCA-
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MseI+CTG (PC7), HindIII+TCT-MseI+CAA (PC8) which generated at least one 
marker associated to one of the traits in at least one of the F1-populations were used 
to fingerprint all S1-populations. Protocols were as described in chapter 3, but in this 
case only AFLP bands corresponding to markers associated with the different traits, 
as identified in chapter 5, were scored.  
6.2.5. Method for MAS in the S1-populations 
For the MAS within S1-genotypes, the trait mean of the different QTL allele 
configurations produced by the QTL analysis at the F1-population level was 
analysed. In almost all cases, the most favourable QTL allele for a trait could be 
identified. However, the influence of that QTL allele was generally biased by the 
other QTL allele present at the same locus and only the influence of the genotype 
could be evaluated. In some cases, the influence of a QTL allele on the trait was 
rather independent of the genotype of the other QTL allele.  
At the level of the S1-genotypes, new allelic configurations or genotypes not present 
at the F1-levels had to be considered (table 6.3). For dominant markers, the QTL 
allelic configurations visualised were the same as the one observed in the F1-
populations (even though in fact the ‘genotype’ of the plants has changed from F1 to 
S1 and more plants are expected to fall within the ‘homozygous’ classes, but a 
homozygous plant can not be distinguished from heterozygous one). In the case of 
co-dominant markers, new allelic configurations or genotypes were present. The 
difficulty was similar to what would appear if selection had to be performed in an 
unrelated population; in such case probably even enhanced by the presence of new 
QTL alleles. The output of the QTL analysis could not indicate the impact of the allele  
 
Table 6.3: For the different marker classes, possible allele configurations present in the F1-
populations (F1s) and in the S1-populations (S1s). The coefficient attributed to each allelic 
combination will depend on their trait mean in the F1s 
Marker class Possible allelic combinations in the F1s 
Possible allelic combinations 
 in the S1s 
(1) <lm x ll> lm   ll ll   lm   mm* 
(2) <nn x np> nn   np nn   np   pp* 
(3) <ef x eg> ee   eg   ef   fg ee   ff   gg   eg   ef   fg 
(4) <ab x cd> ac   ad   bc  bd aa  ab  ac  ad  bc  bd  cd  cc bb  dd 
(5) <hk x hk> hh   hk   kk hh   hk   kk 
(6) <hk x hk> (hh, k-) hh   k- hh   k- 
Note :* for dominant markers only 2 combinations can be distinguished from each other 
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substitutions and thus estimates had to be made more or less directly from the data 
from the F1-populations. 
Each S1-plant was evaluated in function of the genotype it presented for each 
associated QTL markers (for the different trait separately and depending on the F1-
population they were derived from). For dominant markers (marker classes (1), (2) or 
(6)), a coefficient of 1 was assigned to the most favourable allele configuration; 0 was 
assigned to the unfavourable configurations. This corresponded to the scoring for the 
presence or absence of the marker (assigned coefficient 1 or 0). In the case of co-
dominant markers (marker classes (1) to (5)), allelic configurations giving 
intermediate trait means were present. A coefficient from 2 to -2 was assigned to 
each genotype: the coefficient of 2 was assigned to the most favourable allele 
configuration, while -2 was assigned to the unfavourable configurations and while 
intermediate genotypes got coefficients of 1, 0 or -1. For example, in the case of a 
class (4) (<ab x cd>) marker, with most favourable allelic combinations at the F1-
level being <ac>, followed by <ad>, and with <bc> and <bd> being unfavourable, the 
ranking of the allelic combinations at the S1-level would be <aa>, <ac>, <cc>, <ad>, 
<ab>, <cd>, <bc>, <dd>, <bd> and <bb>. Coefficients of 2, 1, 1, 0, 0, 0, 0, -1, -1 and 
-2, respectively would be assigned to these allelic combinations. In some cases, the 
ranking of the genotypes situated between the most favourable and unfavourable 
allelic combinations could not be completed. 
Each S1-genotype was assigned a score for each QTL marker, depending on the 
allelic combination they contained. This score corresponded to the coefficient 
attributed to the different allelic combinations multiplied by the percentage effect of 
the marker. This percentage effect was calculated for each significantly associated 
marker as the maximum mean value of plants with the same allele configuration for a 
trait - issued of the IM output – in comparison with the population mean for the trait 
(see chapter 5). For example, in the case of an co-dominant marker of class (2) (<nn 
x np>) associated to a trait with 15 % effect and with most favourable allelic 
combination being <nn> (favourable effect), followed by <np>, and <pp> 
(unfavourable effect), coefficients would respectively be of 2 for <nn>, 0 for <np> and 
-2 for <pp>. The final scores for the genotypes <nn>, <np>, <pp> would then be of 
30, 0 and -30, respectively. For another trait, the ranking of the allelic combinations of 
the same marker could be different with, for example, most favourable allelic 
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combination being <pp>. The scores obtained in this way for a specific trait were 
summed for each S1-genotype. Genotypes were then ranked on the basis of their 
total score. Plants with highest total scores were selected to constitute the positive 
selection groups, while plants with lowest total scores formed the negative selection 
groups. 
Eight selection groups were made: positive and negative selection for DMY (DMY+ 
and DMY-), positive and negative selection for DMD (DMD+ and DMD-), positive and 
negative selection for CP (CP+ and CP-) and positive and negative selection for 
WSC (WSC+ and WSC-). Each group consisted out of a maximum of 40 genotypes 
from the different S1-populations and thus originating from the different F1-
populations. In some cases, a same genotype was selected for several traits. If 
possible it was replaced by the following interesting genotype. 
As described in chapter 2, the selection of the F1-genotypes to produce the S1-
populations was based on phenotypic observations and a weighed combination of 
different traits. However, in order to evaluate the effect of the QTL markers, the F1-
genotypes were ranked based on their fingerprints at QTL positions. As for the S1-
populations, coefficients were assigned to the different allelic combinations of each 
marker class in function of their effect for the trait (table 6.3). A coefficient of 1 was 
assigned to the most favourable allele configuration; 0 was assigned to the 
unfavourable configurations. In the case of class (3), (4) and (5) co-dominant 
markers, allele configurations giving intermediate trait means were present: a 0.5 
coefficient was assigned. The coefficients were multiplied by the corresponding 
percentage effect and the total score of each F1-genotype was calculated. 
Genotypes were ranked for the different traits in function of their total score. 
6.2.6. Intercrossing of selected genotypes and multiplication 
Selected plants of the eight MAS groups (DMY+, DMY-, DMD+, DMD-, CP+, CP-, 
WSC+ and WSC-) were installed in the field for intercrossing in an isolation field 
surrounded by rye (figure 6.2). Harvested seeds constituted the seed of the first 
generation (G1) of the compositions. In order to allow a multi-sites evaluation, an 
additional multiplication step was performed one year later, thus leading to seed of 
the second generation (G2). 
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Figure 6.2 Illustrations of intercrosses of ryegrass genotypes in an isolation field surrounded 
by rye 
6.2.7. Evaluation of the compositions 
The MAS compositions were evaluated in plots for yield and quality at two locations: 
Melle in Belgium (B) and Rennes in France (F). Plots of 1.4 x 6 m (figure 6.3) were 
sown (10.000 germinating seeds /plot) in the first week of September 2004. At 
location B the three replicates were sown in an incomplete Latin square. Five cuts at 
location B and four cuts at location F were performed in the year after sowing (table 
6.4). The field management followed the usual method of the two testing stations. At 
each cut, fresh yield of the three replicates was determined with a ‘Haldrup’ 
harvesting machine (figure 6.3). Sub-samples were dried at 75°C for dry matter 
determination and quality analysis. The quality analysis (CP, DMD and WSC) was 
performed at ILVO-Plant, Crop Husbandry and Environment as described in chapter 
2. For quality analysis, samples from the three replicates of a location were bulked.  
 
Table 6.4: Date of cuts performed at location B (Melle, Belgium) and at location F (Rennes, 
France) in the yield plots for the evaluation of the MAS compositions. Fertilisation (kg N-P2O5-
K2O /ha) was performed once after winter and otherwise just after cutting 
Location B Location F 
Cut 
Date of cut Fertilisation Date of cut Fertilisation 
Before 1 - 108-0-150 - 70-105-140 
1 12/05/05 90-42-132 18/05/05 60-0-0 
2 13/06/05 81-0-0 15/06/05 50-0-0 
3 13/07/05 68-32-99 13/07/05 40-0-0 
4 09/08/05 54-0-0 31/08/05 - 
5 13/09/05 - - - 
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Figure 6.3: Illustration of the yield and quality plots at harvest with a ‘Haldrup’ machine 
(location B) 
Seed of the second generation of the MAS compositions (MAS G2) was sown at both 
locations. For comparison, different other objects were included at both locations:  
- standard varieties (Bellem and Prospect) as references (REF); 
- a polycross of extra F1-genotypes issued from same crosses as the four F1-
populations and selected by classical breeding method (TB); 
- multiplications of the seeds issued form the same pair-crosses as the studied 
F1-populations (F1s of second generation, ‘F1G2’).  
A number of additional objects were included in the trial only at location B: 
- seed of first generation of the MAS compositions (MAS G1); 
- first generation seed of an intercross of a number of S1-genotypes not retained by 
MAS (SB) randomly selected; 
- a number of other Italian ryegrass varieties (VAR) Oryx, Limeta, Barelli, Fortyl, 
Cordelia, Gordo, Licarno and Abys.  
- four P-x crosses = intercrosses of the F1-genotypes which generated the S1-
polulations in four groups corresponding to the selection criteria applied at that 
time (see chapter 2 and point 6.2.1. in the present chapter); P-DMY = derived 
from a polycross of all selected F1-genotypes with high DMY, P-CP = idem for 
high CP, P-WSC = idem for high WSC, P-DMD = idem for high DMD.  
Figure 6.4 highlights the way in which the different entries were generated. Table 6.5 
summarizes the type and number  of  entries  at  each  test  location. Fifteen  objects 
were tested at both locations. At location B, 21 additional objects were included in the 
trial. 
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Table 6.5: Summary of the type of entries and number of objects per type in test at each 
location (Belgium (B) and France (F)) 
Types of entry N° Entries Test location 
MAS G1 8 DMY+, DMY-, CP+, CP-, WSC+, WSC-, DMD+, DMD- B 
MAS G2 8 DMY+, DMY-, CP+, CP-, WSC+, WSC-, DMD+, DMD- B - F 
REF 2 Bellem - Prospect B - F 
TB 1 TB B - F 
F1G2 4 C’1, C’2, C’3, C’4 B - F 
SB 1 SB B 
P-x 4 P-DMY, P-CP, P-WSC, P-DMD B 
VAR 8 Oryx, Limeta, Barelli, Fortyl, Cordelia, Gordo, Licarno, Abys B 
6.3. Results and discussion 
6.3.1. Fingerprinting of the S1-genotypes 
Binary 0-1 scoring tables for the absence or the presence of the different alleles of 
the QTL markers associated to the traits in function of the S1-genotype were 
constructed. Since the QTL markers included depended on the F1-population from 
which the S1-genotypes were derived, four separate tables were built up. 
6.3.2. MAS in the S1-populations 
All S1-genotypes were scored for the QTL markers depending on the F1-population 
they were derived from. A coefficient was assigned on the basis of the allelic 
combination present in the genotype as described in point 6.2.5. Within one F1-
origin, S1-genotypes were ranked in function of their total scores for the different 
traits. As an example, table 6.6 shows the scoring for markers associated to the 
several components of DMY in population C4 (23 markers in total, including some 
identical markers associated to different trait components) of five S1-genotypes 
produced from this population. Scores were summed. Genotype S476 possessed a 
much higher total score than the four other genotypes.  
Eight selection groups were made: positive and negative selection for DMY (DMY+ 
and DMY-), for DMD (DMD+ and DMD-), for CP (CP+ and CP-) and for WSC (WSC+ 
and WSC-). We opted to select 10 S1-genotypes from each of the four different F1-
origins (= the four F1-populations) for each of these selection groups. Plants with the 
highest scores constituted the positive selection groups while plants with lowest 
scores constituted the  negative  selection  groups.  However,  the  10  most  extreme  
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genotypes (high or low value) could not always be used due to different reasons. In 
the first instance, a selected genotype could already have been selected for another 
selection group and had to be replaced by the following interesting genotype in the 
ranking (plants were not split up because most of them were not developed enough). 
Secondly, a few dead plants also had to be replaced in this way. Some details on the 
selected genotypes in each group are given in table 6.7. The rank of the selected 
genotypes with lowest rank (or highest rank for negative selection) is indicated in this 
table (under ‘Rank’). Selection was first performed for DMY, subsequently WSC, 
DMD and finally CP. Thus, for DMY+ and DMY-, most selected plants belonged to 
the 10 most extreme (max top 14). For WSC and DMD, most selected plants 
belonged to the 20 most extreme or lower, but they had respectively two and three 
cases with higher ‘extreme values’ (from 25 to 39). CP had five groups (out of 8) with 
extreme values higher than 25. For CP- from origin C3 and CP- and DMD- from 
origin C4, only 8, 7 and 7 genotypes, respectively were selected in order to avoid the 
selection of genotypes situated too high (negative selection) in the ranking. In all 
other cases 10 genotypes were selected for each selection groups from each F1-
origin.  
 
Table 6.7: Number of S1-genotypes and number of different origins (different S1-populations) 
for the original four F1-populations (C1 to C4) and for the eight selection groups 
Origin C1 Origin C2 Origin C3 Origin C4 
 S1 
plants 
F1 
origins 
Rank S1 plants 
F1 
origins Rank 
S1 
plants 
F1 
origins Rank 
S1 
plants 
F1 
origins Rank 
DMY+ 10 3 10 10 6 10 10 4 10 10 4 11 
DMY- 10 5 13 10 5 13 10 4 11 10 3 14 
CP+ 10 6 39 10 5 14 10 4 16 10 4 44 
CP- 10 6 25 10 6 20 8 4 43 7 4 43 
WSC+ 10 5 12 10 8 39 10 3 10 10 4 14 
WSC- 10 5 19 10 5 19 10 4 19 10 4 32 
DMD+ 10 5 14 10 5 11 10 4 15 10 4 25 
DMD- 10 5 26 10 5 19 10 4 31 7 4 37 
 
6.3.3. In silico MAS in the F1-populations 
All F1-genotypes were ranked on the basis of the total scores they obtained for the 
different traits as described. As an example, table 6.8 details the scoring of five F1-
genotypes of population C4 for markers associated to the several components of 
DMY in this population (same 23 markers as in the example for MAS of S1-
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genotypes). Scores were summed. From the five genotypes shown in table 6.8, 
genotype F333 received the highest total score for DMY. 
Percentage differences between the mean of the full F1-population and the mean of 
the highest (for positive selection) and lowest (for negative selection) 10 F1-
genotypes were calculated for the different traits. Table 6.9 part A gives the results 
based on the value of DMY-T, CP-M, WSC-M and DMD-M only. Table 6.9 part B 
gives the same results but the values used for calculation of the percentage 
differences took into account the several components of the traits used for selecting 
the QTL markers (DMY = sum of DMY-T, DMY-1, DMY-2 and DMY-5; CP = mean of 
CP-M and CP-1; WSC = mean of WSC-T, WSC-2 and WSC-3; DMD = mean of 
DMD-T, DMD-1 and DMD-2). Percentage differences presented in part A and in part 
B of table 6.9 were very similar. Main exceptions were for CP: part B had some 
higher percentages, especially for the negative selections. DMD also presented 
some differences between part A and part B, but to a lower extent. As expected from 
the variation existing in the traits (chapter 2) and from the percentage effects of the 
QTL markers (table 6.1), the highest percentage differences were obtained for DMY 
and the lowest for DMD. Also, differences between populations appeared, which 
were not necessarily in accordance with their difference in variation or in percentage 
effects for the traits. In a few cases, the negative selections gave much lower 
percentage differences than the positive selection: it was the case of DMY in 
population C4, of CP in populations C1 and C4 and WSC in population C2. The 
percentages obtained by negative selection were sometimes higher than the ones 
obtained by the positive selections but most differences were quite small (with the 
exception of DMY in C3, where the percentage of negative selection was 10% higher 
than positive one). Selection for DMD in population C4 gave very low to no difference 
with the population mean, while this population did not have the lowest percentage 
effect of QTL markers for the trait. The most important effect for DMD was obtained 
in population C1; however the percentage differences did not exceed 4.7%. 
In the ranking based on the MAS scores, differentiation between selected favourable 
and unfavourable F1-genotypes clearly appeared. In most cases the 10 positive and 
negative MAS genotypes were quite good if not totally separated from each other in 
the phenotypic rankings. Results coincided with the above observations based on the 
percentage differences with the population mean.  We  were  able to see that the low 
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Table 6.9: Percentage differences between the mean of the full F1-population and the mean 
of the highest (for positive selection) and lowest (for negative selection) top 10 F1-genotypes 
for the different trait. Part A: based on the value of DMY-T, CP-M, WSC-M and DMD-M only. 
Part B: taking into account the several components of the traits used for selecting the QTL 
markers (DMY = sum of DMY-T, DMY-1, DMY-2 and DMY-5; CP = mean of CP-M and CP-1; 
WSC = mean of WSC-T, WSC-2 and WSC-3; DMD = mean of DMD-T, DMD-1 and DMD-2) 
 Population DMY+ DMY- CP+ CP- WSC+ WSC- DMD+ DMD- 
C1 +15.8 -22.7 +7.9 -1.9 +7.9 -9.5 +4.7 -3.9 
C2 +33.7 -13.4 +5.5 -7.7 +9.2 -1.3 +2.4 -2.3 
C3 +17.0 -26.5 +7.4 -5.9 +15.9 -12.7 +1.4 -2.3 
A 
C4 +34.0 -4.6 +5.0 -1.9 +11.3 -3.4 0.0 -1.0 
C1 +16.2 -23.9 +7.2 -4.7 +6.9 -8.3 +2.6 -2.6 
C2 +30.6 -13.1 +6.6 -7.6 +6.9 -0.6 +1.2 -1.1 
C3 +16.0 -26.6 +12.1 -8.4 +14.7 -10.7 +1.5 -2.1 
B 
C4 +31.4 -4.2 +6.0 -6.2 +10.4 -4.7 +1.3 -1.2 
 
percentages obtained by some negative selections were due to a broad spreading of 
the selected genotypes. The MAS ranking were compared to the rankings obtained 
using the phenotypic data. The F1-genotypes effectively selected for creation of the 
S1-populations on the basis of the phenotype only (chapter 2) did not necessarily 
figure at the extremes of the rankings since thresholds for several traits were 
combined for their phenotypic selection. 
6.3.4. Intercrossing of selected S1-genotypes and multiplication 
Selected genotypes from the different F1-origins (maximum of 40 genotypes) were 
grouped together to form the divergent selection groups of each trait. First generation 
seed (G1) was harvested in July (2003). The following year, the second generation 
seed (G2) for each group was produced (from 100 G1 seeds) in order to obtain 
enough seeds for testing. Harvested seed weights are given in table 6.10. 
 
Table 6.10: Seed weights (g) obtained for the different selection groups at first generation 
(G1) and at second generation of multiplication (G2) 
 DMY+ DMY- CP+ CP- WSC+ WSC- DMD+ DMD- 
G1 141 152 173 104 145 98 117 105 
G2 981 931 546 703 574 758 1129 1710 
 
6.3.5. Analysis of variance of the yield and quality trait 
Yield and quality traits of the compositions were evaluated in plot trial at two locations 
with three replicates per location and with four to five (depending on the location) 
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cuts in the year after sowing. Fifteen objects were tested at both locations. At location 
B, 21 additional objects were included in the trial. 
For DMY, an analysis of variance considering the factors cut, object and repetition 
was performed. Tables 6.11 and 6.12 give the results of the analysis of variance for 
DMY at location B and F (for the 15 objects present at both locations). Differences 
between the two locations were observed. At location B, interaction was found 
between the factors repetition and cut and between the factors object and cut, while 
no significant interaction was found between the factors object and repetition. The 
three factors had individually significant effect. At location F, no interaction between 
factors was found and only the factor cut had significant effect. For both locations 
together, the factors repetition and cut were not taken into account as they were 
different at both locations; the factor object was significant (P<0.001). 
 
Table 6.11: Results of the analysis of variance of DMY at location B (five cuts, three 
replicates, n=15) 
Source df Mean Square F-value Sig. 
Repetition 2 1.840 18.528 0.000 
Object 14 0.647 6.510 0.000 
Cut 4 212.397 2138.318 0.000 
Object x repetition 28 0.112 1.130 0.319 
Object x cut 56 0.151 1.517 0.032 
Cut x repetition 8 0.711 7.159 0.000 
Error 112 0.099   
Total 225    
   
Table 6.12: Results of the analysis of variance of DMY at location F (four cuts, three 
replicates, n=15) 
Source df Mean Square F-value Sig. 
Repetition 2 0.471 1.465 0.237 
Object 14 0.414 1.288 0.232 
Cut 3 828.907 2580.636 0.000 
Object x repetition 28 0.369 1.150 0.306 
Object x cut 42 0.195 0.608 0.961 
Cut x repetition 6 0.253 0.787 0.583 
Error 84 0.321   
Total 180    
        
As the samples from the three replicates of a location were bulked for the quality 
analyses, no repetition could be taken into account for the quality traits. The analysis 
of variance was conducted considering only the factors cut and object and no 
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interaction could be evaluated. At location B and F, the factors cut and object had 
significant effect (P<0.001) for RE, WSC and DMD (for the 15 objects present at both 
locations). For both locations together (n=15), the factor object had significant effect 
for WOK (P<0.05) but not for DMD and CP. 
The coefficients of variation of the experiments at location B were 5.5% for DMY, 
4.3% for CP, 10.5% for WSC and 2.8% for DMD. For the same objects (n = 15), 
these coefficients of variation were slightly higher at location F (5.9%, 5.6%, 13.9% 
and 4.4%, respectively). When including additional objects in the trial at location B (n 
= 36), the coefficients of variation obtained for the trial were higher (6.6%, 4.6%, 
15.7% and 3.4%, respectively).  
6.3.6. Mean values of traits 
Significant differences were found between the two experimental locations (table 
6.13). This was probably due to differences in field management and in 
environmental conditions (type of ground and weather conditions) between locations. 
As a result, a different number of cuts were performed at each location.  
Table 6.13: Means of the 15 common objects (DMY: ton/ha, DM: g kg-1, CP: g kg-1DM, WSC: 
g kg-1DM and DMD: %) and corresponding coefficient of variations (VC, in %) for the different 
cuts at locations (Loc.) B and F 
Total DMY Mean DM Mean CP Mean WSC Mean DMD 
Loc. Cut 
Mean VC Mean VC Mean VC Mean VC Mean VC 
1 7.4 b 6.9 17.3 f 5.6 110.8 f 9.0 168.0 b 9.5 59.0 c 3.3 
2 4.9 d 6.0 18.0 e 2.9 135.7 e 4.1 151.6 c 10.8 62.5 b 3.2 
3 3.4 e 6.0 17.0 f 2.7 166.1 b 3.2 60.3 f 12.0 52.2 e 4.0 
4 2.2 h 7.4 17.6 ef 2.6 187.7 a 4.6 117.1 d 12.3 66.2 a 2.9 
B 
5 2.5 g 5.5 15.9 g 3.5 161.2 bc 5.3 84.8 e 14.8 59.8 c 3.2 
1 11.2 a 5.3 22.1 c 5.3 100.7 g 7.9 231.5 a 11.4 62.9 b 4.6 
2 5.4 c 4.8 19.9 d 2.6 111.7 f 7.3 170.1 b 10.2 60.3 c 2.8 
3 2.7 f  6.6 24.1 b 2.1 159.6 c 3.3 88.9 e 10.7 53.7 d 2.7 
F 
4 1.8 i 10.9 31.3 a 6.7 144.2 d 6.0 53.7 f 32.2 46.6 f 7.5 
Note: Means with same letters within a column are not significantly different (P>0.05) 
 
On average for all cuts, around 20 ton DM per ha was obtained at both locations, 
with a higher yield obtained at location F. The first cut at location F included more 
than 50% of the total DMY. At location B, DMY of first cut accounted for only a little 
more than one third of the total yield. This corresponded to what is usually harvested 
at both trial locations for Italian ryegrass. All cuts at location F presented much higher 
DM percentage than at location B; the average corresponded to what is usually 
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obtained at both locations. Mean values of all cuts for CP and DMD were lower at 
location F than at location B, while it was the opposite for WSC. Such low WSC and 
high CP were already observed in different trials at location B but in other trials 
higher WSC and lower CP were observed. The mean values obtained for WSC were 
low in comparison to what is reported in the literature (chapter 2) and to what was 
observed in the F1-populations (chapter 2). WSC is known to be highly variable and 
dependent on testing conditions. Mean DMD obtained at location B was in the range 
of what is expected for the species (around 60%), while the mean value at location F 
was relatively low. No quality data of previous trials at location F were available for 
comparison of quality traits. 
For the first three cuts the values of quality parameters were different at both 
locations even though cuts were performed at quite similar dates. Much lower CP 
and higher WSC for the first cut were obtained at location F. The evolution over the 
cuts observed for the different quality traits did not correspond to what was obtained 
with the individual plants of the F1-populations and to what is reported in the 
literature. The trend over the cuts of CP and WSC was similar at both locations but 
did not correspond to what was found at the F1-level. The trend for WSC 
corresponded to the wave trend found by Humphreys (1994). This wave trend had 
already been observed in the breeding trials of ILVO. DMD went down at each cut at 
location F while it was more variable at location B. However, at location B, 
comparable evolutions have already been observed in different trials for ryegrasses 
at ILVO-Plant.  
6.3.7. Coefficient of variation 
As expected, DMD had the lowest coefficients of variation between objects, while the 
variation for WSC was the highest (table 6.13). All coefficients of variation were lower 
than what was observed in the four F1-populations in chapter 2 especially for DMY. 
This reflects the difference in variation present within the individual plant level of the 
F1-populations and between entries at the plot level. Coefficients of variation for the 
different cuts of the traits were often different at both locations. They tended to be 
higher at location F especially in the fourth cut for all traits except CP. The variations 
stayed in the range of what can be found for ryegrass in the literature (Frandsen, 
1986; Humphreys, 1989 c; Beerepoot et al. 1994; De Vliegher and Carlier, 1994; 
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Wilkins, 1997; Turner et al., 2005) and what is usually found in the ryegrass breeding 
trials at ILVO. Inclusion of the additional objects (n = 40) in the trial at location B 
resulted in higher coefficients of variation for all traits. 
6.3.8. Correlation between traits 
Considering the mean or total of all cuts, correlation coefficients (r) were almost 
always higher at location F than at location B. There were at both locations high 
significant positive r-values between WSC and DMD and high significant negative r-
values between CP and WSC and between CP and DMY. Similar correlations were 
found in the F1-populations but r-values were lower (even much lower and not 
always significant for CP with DMY). These correlations are in accordance with what 
is generally reported in the literature for ryegrasses (Frandsen, 1986; Humphreys, 
1989 c; Radojevic et al., 1994; Humphreys, 1989 c; Wilkins, 1997; Baert et al., 1999). 
At both locations significant high positive correlations between DMY and WSC were 
found. No significant correlation between these traits was found in the F1-populations 
and results reported in the literature are variable (Humphreys, 1989 c; Radojevic et 
al., 1994; Smith et al., 1998; Hopkins et al., 2002). DMD did not appear to be 
correlated to CP or DMY at location B, while significant high correlations (negative for 
CP and positive for DMY) appeared at location F. In the F1-populations no or very 
low correlations between DMD and CP were found while published results 
highlighted positive correlations (Frandsen, 1986; Humphreys, 1989 c). Some 
negative correlation (relatively low r-value) between DMD and DMY was found in the 
F1-populations and published studies have reported either positive or negative 
correlations (Frandsen, 1986; Posselt, 1994; Oliveira and Castro, 1994; Reheul and 
Ghesquiere, 1994 b and Beerepoot et al., 1994). Correlation of DM with other traits 
appeared in each case opposite at both locations and corresponding or not to what 
was found in the F1-populations. 
If only the MAS compositions were considered, tendencies remained the same 
except for correlations of DM with CP and with DMY at location B, which tended to 
have lower r-values and to loose significance. These correlations could be due to a 
break of trait-marker linkage in the selections performed. As observed previously in 
the F1-populations, relationships between traits were variable when each cut was 
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analysed separately. These variations were not necessarily the same at both 
locations.  
6.3.9. Results of the MAS compositions 
The yield and quality results obtained by MAS for the two locations together are 
summarised in table 6.14. The MAS resulted in ambiguous effects: the groups under 
positive or negative selection for a certain trait were mostly not significantly different 
from each other and often the expected order was reversed. For total DMY, almost 
all groups established from the MAS had higher values than the REF (half of them 
were significantly different). All groups were significantly higher than the F1G2-
populations. From the four selections with  higher DMY than TB, only DMY- and 
WSC- were significantly different. DMY+ did not figure at the top and was lower than 
DMY- and selections for WSC and CP. DMY and WSC (means of positive and 
negative selection groups) scored significantly higher than REF, TB and F1G2. The 
mean of all MAS was higher than the TB but the difference was not significant. For 
DMD and for CP barely any significant difference between objects was observed. 
Higher CP than references was obtained by the All MAS group but no MAS groups 
 
Table 6.14: Total DMY (ton/ha), mean CP (g kg-1DM), mean WSC (g kg-1DM) and mean 
DMD (%) from the yield and quality trial at the two locations (four to five cuts, three 
replicates/location) of the standard varieties (REF), conventional breeding composition (TB), 
for multiplications of the F1-seeds (F1G2), the eight groups of the MAS (DMY+, DMY-, 
DMD+, DMD-, CP+, CP-, WSC+ and WSC-), the positive and negative MAS of a trait 
together (DMY, DMD, CP, WSC) and all MAS selection groups together. MAS groups: seeds 
of second generation (G2) 
 Total DMY Mean CP Mean WSC Mean DMD 
REF 21.0 de 135.7 a 133.1 ab 58.8 ab 
TB 21.4 bcd 144.2 a 123.5 b 58.6 ab 
F1G2 19.9 f 144.9 a 121.3 b 57.7 ab 
DMY+ 21.1 bcde 137.7 a 123.2 b 58.4 ab 
DMY- 22.2 a 144.6 a 124.4 b 58.5 ab 
CP+ 21.3 bcd 140.2 a 125.6 ab 58.0 ab 
CP- 21.5 abc 142.7 a 122.1 b 58.7 ab 
WSC+ 21.7 ab 143.3 a 123.0 b 57.1 b 
WSC- 22.1 a 135.1 a 136.9 a 58.6 ab 
DMD+ 21.0 cde 137.9 a 125.6 ab 57.8 ab 
DMD- 20.7 e 140.9 a 136.2 a 59.6 a 
DMY 21.7  141.1  123.8  58.5  
CP 21.5  141.5  123.9  58.3  
WSC 21.9  139.2  129.9  57.8  
DMD 20.9  139.4  130.9  58.7  
All MAS 21.5  140.3  127.1  58.3  
    Note: Means with same letters within a column are not significantly different (P>0.05) 
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were significantly higher than TB and F1G2. CP+ had lower CP than DMD-, CP-, 
DMY- and WSC+, while the CP was higher than the means of positive and negative 
selections for the other traits. For DMD, DMD- scored the highest from the MAS 
selections and higher than REF, TB and F1G2, but this was not the case for DMD+ 
and DMD. More variation was present for WSC and WSC- scored the highest from 
the MAS selections and higher than REF, TB and F1G2. WSC+ scored very low and 
WSC scored lower than REF and DMD. 
Similar results were observed when both locations were analysed separately. Results 
of location B are presented in table 6.15, while results of location F are listed in table 
6.16. As already mentioned, there were significant differences between the two 
experimental locations. The ranking of objects was in some cases very different 
between the two locations, as it was the case for DMD and WSC where TB scored 
higher than MAS groups at location F while it scored lower at location B. This is 
probably partially responsible for the observation of more significant differences 
between objects at both separate locations than for both locations together (except 
DMY at location F). Additionally, differences at location B were more significant than 
at location F, except for CP. Nevertheless at both locations, the negative selections 
resulted in higher scores than the positive selections. 
At location B, results for total DMY were similar to those of both locations with WSC- 
and DMY- higher than TB, REF and F1G2, but WSC- was higher than DMY-. For CP, 
no MAS groups were significantly higher than REF, TB and F1G2. For WSC, results 
were better than for both locations together. Almost all selection groups were higher 
than REF, TB and F1G2 (significantly for DMD- and WSC-) and DMD was higher 
than WSC. The best results were obtained by the DMD selections: differences were 
much more significant than for both locations together and selections for DMD scored 
higher than all other material. 
Results for total DMY at location F were quite similar to those of both locations but 
the REF group scored much higher (higher than all MAS groups except DMY- and 
CP-). DMY- did still figure at the top but not WSC-. For CP, differences were more 
significant than at location B and only DMD- was significantly higher than TB. For 
WSC, WSC- scored the highest but was not significantly different than REF and TB. 
For DMD, no MAS scored significantly higher than TB; from the MAS, WSC-, CP- 
and CP+ scored the highest. 
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Table 6.15: Total DMY (ton/ha), mean CP (g kg-1DM), mean WSC (g kg-1DM) and mean 
DMD (%) from the yield and quality trial at location B (five cuts, three replicates) of the 
standard varieties (REF), the conventional breeding composition (TB), the multiplications of 
the F1-seeds (F1G2), the eight groups of the MAS (DMY+, DMY-, DMD+, DMD-, CP+, CP-, 
WSC+ and WSC-), the positive and negative selection of a trait together (DMY, DMD, CP, 
WSC), all MAS selection groups together, for multiplication groups of the self-pollinated 
plants without MAS (SB), Italian ryegrass varieties (VAR) and of the multiplication groups of 
the F1-genotypes which generated the S1-populations (P-DMY, P-CP, P-WSC and P-DMD). 
G1 = seeds of first generation, G2 = seeds of second generation 
 Total DMY Mean CP Mean WSC Mean DMD 
REF 19.8 e 149.4 g 112.4 bc 59.9 bcd 
TB 21.5 c 153.6 cde 115.5 h 60.6 fg 
F1G2 19.5 f 156.3 ab 112.0 gh 59.4 efg 
DMY+ 20.1 d 147.6 fg 116.5 efg 60.5 bcde 
DMY- 22.0 b 151.1 cdef 120.5 cdef 61.0 bc 
CP+ 21.0 d 149.6 def 112.2 gh 58.7 g 
CP- 21.3 cd 150.6 cdef 111.9 gh 59.9 cdefg 
WSC+ 21.7 bc 153.3 bcd 116.0 fg 60.0 cdef 
WSC- 22.5 a 147.2 fg 125.0 cd 59.6 defg 
DMD+ 21.1 d 148.4 efg 122.5 cde 60.7 bcd 
DMD- 20.9 d 154.1 bc 131.1 b 62.3 a 
DMY 21.5  149.4  118.5  60.8  
CP 21.2  150.1  112.0  59.3  
WSC 22.1  150.3  120.5  59.8  
DMD 21.0  151.2  126.8  61.5  
G2 
All MAS 21.4  150.2  119.5  60.4  
DMY+ 22.4  150.7  123.2  61.1  
DMY- 22.7  147.3  114.4  59.3  
CP+ 21.7  145.7  115.5  59.2  
CP- 22.1  146.1  120.0  59.6  
WSC+ 21.6  151.0  120.8  60.5  
WSC- 22.0  147.4  115.6  59.0  
DMD+ 21.9  151.6  116.1  60.4  
DMD- 22.1  146.7  125.2  60.3  
DMY 22.5  149.0  118.8  60.2  
CP 21.9  145.9  117.7  59.4  
WSC 21.8  149.2  118.2  59.8  
DMD 22.0  149.1  120.6  60.3  
G1 
All MAS 22.1  148.3  118.8  59.9  
SB 20.1 d 151.5 cdef 109.1 h 58.9 fg 
VAR 19.7  153.1  106.1  58.8  
P-DMY 21.1 d 148.0 fg 120.9 cdef 59.8 cdefg 
P-CP 20.4 e 158.0 a 119.1 def 61.6 ab 
P-WSC 22.0 b 145.6 g 121.3 cdef 59.2 fg 
P-DMD 21.0 d 147.2 fg 137.5 a 61.7 ab 
All P-x 21.1  149.7  124.7  60.6  
  Note: Means with same letters within a column are not significantly different (P>0.05) 
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Table 6.16: Total DMY (ton/ha), mean CP (g kg-1DM), mean WSC (g kg-1DM) and mean 
DMD (%) from the yield and quality trial at location F (four cuts, three replicates) of the 
standard varieties (REF), the conventional breeding composition (TB), the multiplications of 
the F1-seeds (F1G2), the eight groups of the MAS (DMY+, DMY-, DMD+, DMD-, CP+, CP-, 
WSC+ and WSC-), the positive and negative selection of a trait together (DMY, DMD, CP, 
WSC), all MAS selection groups together. MAS groups: seeds of second generation (G2) 
 Total DMY Mean CP Mean WSC Mean DMD 
REF 21.9 ab 124.3 e 142.2 ab 56.3 bc 
TB 21.3 bc 134.3 b 143.7 ab 58.2 a 
F1G2 20.4 d 130.7 c 132.9 c 55.5 c 
DMY+ 21.3 bc 125.2 e 131.5 c 55.8 c 
DMY- 22.4 a 136.6 a 129.2 c 55.5 c 
CP+ 21.7 abc 128.5 d 142.4 ab 57.1 b 
CP- 22.0 ab 132.8 b 134.8 bc 57.1 b 
WSC+ 21.7 abc 130.7 c 131.8 c 53.5 d 
WSC- 21.5 abc 120.0 f 151.8 a 57.3 ab 
DMD+ 21.0 cd 124.7 e 129.5 c 54.2 d 
DMD- 20.3 d 124.3 e 142.7 ab 56.3 bc 
DMY 21.9  130.9  130.4  55.6  
CP 21.9  130.7  138.6  57.1  
WSC 21.6  125.3  141.8  55.4  
DMD 20.7  124.5  136.1  55.3  
All MAS 21.5  127.9  136.7  55.8  
       Note: Means with same letters within a column are not significantly different (P>0.05) 
 
At location B, aside from the seeds of the second generation (G2) of the MAS 
multiplications, seeds of first generation (G1) were used in the trial (table 6.10). For 
DMY, the first generation of the All MAS group was significantly higher than the 
second generation and was significantly higher than TB. DMY+ and DMY- selections 
(G1) scored significantly higher than all other objects. The opposite, but to a less 
extent, was observed for CP and DMD. DMD G1 got less favourable results than 
DMD G2 for DMD. For All MAS, no significant difference between generations was 
observed for WSC while separate MAS groups resulted in higher or lower scores. 
Additionally, at location B, the intercrossings of S1-plants not retained by MAS were 
also tested (SB). These compositions consistently had lower results than the MAS 
(G2) except for CP. In the same way, the other Italian ryegrass varieties gave 
relatively low results for all traits except CP. The intercrosses of F1-genotypes 
(parents of the self-pollinations), also included at location B, resulted in on average 
(All P-x) lower DMY than All MAS (G2) and TB but the difference was not significant. 
All P-x scored very low for CP while it scored very high for WSC. For DMY, P-WSC 
scored significantly higher than the three other P groups and scored the same value 
as DMY- (G2). For CP, P-CP obtained a higher score than all other objects. For 
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WSC, P-DMD scored the highest. For DMD, P-CP and P-DMD resulted in high 
scores but were not significantly different from DMD-, TB, DMY-, DMD+ and DMY+. 
6.3.10. Analysis of the MAS performance 
The compositions made by MAS of the S1-genotypes gave ambiguous results. The 
compositions were generally better than the references included in the trial but the 
gain obtained by MAS was not as high as expected and significant heterosis effects 
were not generated. 
For most traits, several MAS groups scored better than references, conventional 
breeding, F1G2-populations and the other Italian varieties included at location B. 
However, it was not necessarily the expected group(s) which ranked the best. 
Additionally, results of the intercrossing of the S1-parents selected on the basis of the 
phenotypic data (P-x) only were as good if not better than the MAS. For CP, the P-
CP intercross resulted in a very good score. Significant differences were observed 
between the results of the two experimental locations and an effect of experimental 
conditions on the results could be supposed. The ranking of objects were quite 
different depending on the location(s) considered. In the case of DMD, the best 
results were obtained at location B where the F1-plants were phenotyped for the 
identification of QTL markers. In contrast, for WSC, the best results were obtained at 
location F. The best selection results were obtained for WSC and DMD. Although, 
from the literature and from the results of chapter 2, it is clear that these traits do not 
have same variation and heritability (DMD: low CV and variable results for heritability, 
but mostly moderate to low; WSC: considerable variation and good heritability). 
Independently of the location evaluated, the F1G2 entries, (multiplication of F1-
populations) obtained low results for every trait except CP content (reverse 
tendency). Finally, CP tended to present results opposite to the three other traits. 
For DMY, the multiplication of the seed of the first generation (G1) to seed of the 
second generation (G2) created a drawback. The results of G1 for DMY were 
significantly higher (4.4%) than all other objects. For the other traits, the effect was 
the other way around, with G2 getting better scores than G1 (2.8% for CP, 1.9% for 
WSC and 1.9% for DMD). MAS of S1-genotypes was first performed for DMY, then 
WSC, DMD and finally CP. For CP, several of the genotypes could not be used 
because they were already chosen for other traits. This could partly explain why the 
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results for this trait were quite inconsistent. Another explanation might be the poor 
variation existing for the trait.  
Comparison of trait values including the different components used for the 
identification of linked QTL marker (DMY = sum of DMY-T, DMY-1, DMY-2 and DMY-
5; CP = mean of CP-M and CP-1; WSC = mean of WSC-T, WSC-2 and WSC-3; 
DMD = mean of DMD-T, DMD-1 and DMD-2) did not drastically change the ranking 
of the objects. This gave a slightly better result at location B for DMY since TB scored 
lower than the MAS compositions. At location F, a better ranking of the MAS groups 
was then obtained for DMD in comparison to TB.  
The two generations (G1 and G2) of DMY+ and DMY- were included in a nitrogen 
use efficiency (NUE) trial on individual plants using hydroponics. Plant height and 
fresh yield were measured for several cuts. G1 material was again better than G2 
material and DMY+ G2 was slightly better than DMY-G2 (results not shown). 
6.4. Conclusions 
The MAS in the S1-populations was complicated by the presence of new allelic 
combinations, absent at the F1-level. A coefficient had to be assigned to the different 
allelic combinations in function of the mean value at the F1-level. After ranking of the 
genotypes in function of their final total score, selection of genotypes at both 
extremes of the ranking allowed the constitution of the positive and negative 
selection groups of each traits (DMY+, DMY-, DMD+, DMD-, CP+, CP-, WSC+ and 
WSC-). As it could be expected, it happened that the same genotype was highlighted 
for the different traits and an order of priority for the traits had to be given (from high 
to low: DMY, WSC, DMD, CP). An almost equal number (seven to ten) of genotypes 
from each of the four F1-origins were selected to compose the different selection 
groups, resulting in about 40 genotypes in each of the selection groups.  
Evaluation of the MAS was performed after intercrossing of the selected genotypes 
to build-up the MAS compositions. The eight compositions were evaluated in yield 
and quality plots in comparison with material from different origins. Significant 
differences were observed between the results of the two experimental locations. 
There were effectively differences in field management and in environmental 
conditions between locations, leading to a different number of cuts performed. The 
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analysis of variance of the trials revealed acceptable coefficients of variation for the 
experiments. Interaction was found between the factors repetition and cut and 
between the factors object and cut at location B. Additionally, the factor repetition at 
significant effect at location B. This reflects the trial block design at this location. 
Totals or means of all cuts for the different traits were in the known range of values 
for both locations. However, the evolution over the cuts was not as the ones 
observed at the F1-level, especially for CP and WSC. More and higher significant 
correlations between traits were obtained at location F than at location B. 
For most traits, several of the eight MAS groups scored better than the references 
and the conventional breeding compositions of the same origin as the parents of the 
F1-populations. However, it was not necessarily the expected group(s) that ranked 
the best and the intercrossing of the S1-parents phenotypically-selected were as 
good if not better than the MAS. Furthermore, the groups under positive or negative 
selection for a certain trait were mostly not significantly different from each other and 
often the expected order was reversed.  
The reasons of such results remain unclear. In first instance, it can be argued if the 
set of QTL markers identified and used for the MAS was the best one and effectively 
linked to the traits. The different steps leading to the identification of the QTL markers 
could be questioned for their effectiveness, for example the phenotyping (elite 
parents, individual plants, size of mapping population, methods of trait determination, 
one location, single repetition, …), the mapping method or the QTL analysis. In the 
first place, for a trait such as DMY, there is usually poor correlation between 
observation on individual plants and observation on plots. For this reason, it is 
possible that our QTL markers identified from individual plants for DMY, are not 
linked to the DMY in plots. For the quality traits, correlation between plots and 
individual plants are usually much better, especially for DMD and WSC. Secondly, 
the selection of only elite F1-genotypes as parents of the S1-populations probably 
narrowed the possibility of generating a heterosis effect in the MAS. This could only 
be tested if we had also carried out a negative ‘selection’ in parallel. Another point is 
that the selection for specific marker alleles was probably not completely effective 
due to the dominant nature of most associated markers (AFLPs) or to the presence 
of allelic combinations in the S1-populations absent at the F1-level (the weight 
assigned to each allelic combination might have skewed the results obtained). 
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Additionally, the number of QTL markers used for the selection of genotype was 
relatively large. Using less markers or only QTL markers situated at the centre of 
each QTL locus might have been more effective. Finally, selecting for better 
genotypes for a specific cut could have delivered more significant results but 
identification of material which would be valuable in one cut only was not within the 
scope of the present study, as new valuable fodder material was aimed for. 
Throughout the study, choices had to be made taking into account the work, time and 
costs that would be engendered. While the study was being performed some choices 
appeared to be judicious and feasible, while other had to be adapted when possible 
but not always as we were dealing with plant material and expensive and laborious 
experiments. Using the same set of markers and method for virtual MAS at the F1-
level allowed the identification of genotypes with a different mean for the trait than the 
population means (particularly for DMY and WSC) so that differentiation between 
selected favourable and unfavourable F1-genotypes was obvious. This made us 
believe that the choices made were appropriate. 
Thus, the QTL identified were probably well present and selected for but not 
expressed in the same way in the MAS compositions due to environmental effects. 
Moreau et al. (2004) did not obtain either a significant improvement of the genetic 
value of their maize population by MAS for grain yield and grain moisture. They 
suggested that the QTL effects estimated in the initial population were not stable due 
to epistasis and/or by environment interactions. Our results lead us to the same 
conclusion. In our case, by the recombination of plants out of the self-pollinated 
populations and by combining populations of different origins, heterosis effects might 
have overruled the expected QTL-piling in the offspring populations. However, the 
compositions including plants out of the self-pollinated populations not retained by 
MAS and intercrossed together resulted in poor results especially for DMD and WSC. 
The opportunity of using self-pollination in the experiment may be questioned as no 
heterosis effect was stated. Comparison to MAS compositions of F1-genotypes could 
have given an insight on these questions since the effect of selfing would have been 
excluded. Working with non-persistent Italian ryegrass did not allow all F1-genotypes 
to be maintained long enough to perform this selection.  
In the MAS compositions, the reason why the positive selections did not appear to be 
higher than the negative selections remains unclear. Such effect has already been 
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observed in attempt to perform MAS in ryegrass at IGER (Humphreys, personal 
communication). The way MAS was applied could be an explanation: the positive 
and negative selections were based on selection for respectively positive and 
negative allelic configurations of markers identified as linked to the traits. It can be 
argued if the MAS strategy applied was more effective in selecting loci with 
significant genetic variation than differentiating positive and negative alleles. 
However, the method applied here allowed the differentiation between selected 
favourable and unfavourable F1-genotypes. The complications due to the new allelic 
combinations present in the S1-genotypes were probably one of the factors with an 
impact on the results. Also new interactions between QTLs probably appeared at the 
S1-level. Some of these will probably only appear after two to three generations.  
In addition, the same S1-genotype was highlighted for more than one trait and an 
order of priority had to be given to the traits (from high to low priority: DMY, WSC, 
DMD, CP). Thus, the optimal MAS could only be performed for one of the traits 
(DMY). The results of the CP selections were in fact most inconsistent. However, the 
DMY selections did not produce the best response to MAS. Another point is that the 
multiplication of the compositions to seed of second generation (in order to allow the 
testing at two locations) may have had an impact on the results but it was variable 
from one trait to another (this seemed to be a drawback for DMY while for the other 
traits the impact was reversed). 
The compositions obtained by the MAS appeared to be valuable material, generally 
better than the references included in the trial and will certainly be used for new 
variety creation. But the gain obtained by MAS was not as expected and no 
significant heterosis effects were generated. From our results, the possibility and 
advantage of applying MAS for complex traits such as DMY and quality traits from a 
whole season observations in a very heterogeneous species like ryegrass could be 
questioned. However, many parameters linked to the scheme applied and choices 
made in the present study would have to be checked before making such a 
conclusion. Further testing of the MAS in other environmental conditions could 
deliver further explanations and help highlight eventual factors of influence or errors, 
but this is out of the scope of the present thesis. 
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CHAPTER 7 
GENERAL CONCLUSIONS AND PERSPECTIVES 
 
 
7.1. General conclusions 
The major aim of this study was to investigate the possibility to apply MAS for 
complex quantitative traits (yield and fodder quality) in highly heterogeneous 
ryegrass materials. Four segregating populations were phenotyped and used for 
linkage map construction and QTL mapping. The identified QTL markers were used 
for MAS in populations derived from the mapping populations. 
7.1.1. Yield and quality determination 
The first part of this work was to select and phenotype four L. multiflorum segregating 
populations for the traits of interest. In the choice of parental genotypes we tried to 
mimic the real situation in breeding programmes and selected parent plants of high 
agronomical value. For phenotyping and linkage map construction, approximately 
100 F1-progeny plants from each cross were used. The phenotyping results revealed 
good coefficients of variation in each of the four F1-populations. As the populations 
differed in various ways for the studied traits, we decided to use all four for mapping 
and QTL analysis. 
Environmental factors can have a strong influence on the observed phenotype. 
Replication of experiments in time and/or location helps to avoid false conclusions. 
Indeed, most multi-locations QTL analysis (Fang C., 2003; Cogan et al., 2006) have 
revealed quite different results at the different locations. However, replication in 
multiple sites and years is not always possible, and factors such as cost and 
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feasibility have to be considered when planning laborious and precise phenotyping 
experiments. Genotypic effects play also an important role and it is well known that 
for a given trait different QTLs can segregate in different genetic backgrounds. In this 
study, we did not consider both genetic and environmental factors but focused on the 
analysis of the traits of interest in different genetic backgrounds. Therefore, a single 
location was considered, but we compared the consistency of the identified QTLs in 
four segregating populations. Replication at different locations was not considered for 
the identification of QTL, but indeed for the evaluation of the products of MAS. 
Additionally, choice was made to perform the phenotyping on individual plants. This 
has been the case for almost all QTL analysis published. For a trait such as DMY in 
ryegrass, the correlation between observations on individual plants and observations 
on plots is usually poor. However, in the conventional breeding of forage grasses, the 
first selection phase is usually performed on individual plants or clone rows that are 
in one way or another evaluated for growth or regrowth. These conditions differ 
significantly from a plot evaluation but have allowed the creation of new varieties 
registered after evaluation in plot trials. For quality traits, correlation between plots 
and individual plants are usually much better than for DMY, especially for DMD and 
WSC.  
Phenotypic results (means, variation coefficients and correlations between traits) 
were generally in accordance with published data for the traits (mostly from L. 
perenne) indicating that the determination methods were reliable. DMY had higher 
coefficients of variation than other traits, while the variation for DMD was the lowest. 
As expected, high positive correlations between WSC and DMD were found, as well 
as relatively high negative correlations between CP and WSC. Most data 
distributions were close to normal continuous distributions. In all cases, the two 
factors “population” and “cut” had significant effect (P<0.001). Interaction between 
“population” and “cut” was found to be significant (P<0.001). No maternal effects of 
the seed parent were detected for the traits studied. No heritability parameters could 
be calculated for the traits studied because the parents of the F1-populations (four-
year-old) had lost most of their vigour and did not generate reliable phenotypic data 
in the trial.  
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7.1.2. Fingerprinting and map construction 
Dominant and co-dominant PCR-based marker techniques were used for 
fingerprinting. Following fingerprinting with co-dominant markers, a small number of 
plants produced by self-pollination of the parents were identified in two F1-
populations. These plants were excluded from further analysis as they would have 
skewed the results. 
On average, and when rare and almost monomorphic DNA-bands were excluded, 
segregation distortion of AFLPs was 36% (P≤0.05). The percentages of segregation 
distortion of the co-dominant markers were 10% for the STSs and 24% for the SSRs 
(P≤0.05). Markers displaying distorted segregation have often been reported in 
Lolium species and in other species (Bert et al., 1999; Jones et al., 2002 b; Muylle, 
2003, Inoue et al., 2004; Yan et al., 2005). Accurate comparison of percentages from 
segregation analysis of published studies is difficult since many factors influence the 
given percentages. The percentages we obtained for the co-dominant markers were 
lower or similar to what is found in the literature. The 36% of segregation distortion of 
our AFLPs is high but similar and even higher percentages have already been 
reported for AFLPs (Muylle, 2003). 
Several mapping methods were compared. Direct mapping including all markers and 
mapping by integration of parental maps produced both maps of good quality. The 
integrated maps were smaller for three of the populations but the number of LGs 
obtained was higher. Some changes in map order were observed between maps, 
especially in marker-dense regions, but in general a large level of colinearity was 
found between the maps constructed using these two different approaches. Class 6 
markers (<hk x hk> (hh, k-)) contribute little information to the map and produce quite 
inaccurate recombination frequency estimates (Maliepaard et al., 1998; Wu et al., 
2000). However, in our study the exclusion of class 6 markers resulted in the 
generation of very long maps and did not allow the integration of parental maps. 
Additionally, in all cases, the inclusion of class 6 markers tended to improve the 
genome coverage of the maps. 
The genetic linkage maps obtained by direct mapping including all marker classes 
consisted of a number of major LGs quite close to the number of chromosomes of 
the Lolium species (seven). The length of the maps (from 689 to 925 cM) was in the 
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range of most maps already published in Lolium spp. In general, the genome 
coverage of the four maps was satisfactory, but indications of incomplete coverage 
were found. Markers mapped in more than one population allowed aligning the four 
genetic maps and even to calculate a consensus map of the four maps. In addition, 
co-dominant markers common with those of the study of Muylle (2003) helped in the 
alignment of our maps with those of Muylle et al. (2005) and other Lolium maps. In 
this way, LG 1 to LG7 could be numbered according to the ILGI reference map 
(Jones et al., 2002 a). An ILGI number could not be assigned to some LGs and not 
all ILGI LG were found (markers could only be mapped on LG5 in population 1). This 
was however not an essential problem for the objectives of this study. The milestone 
of generating dense genetic linkage maps for the four F1-populations was reached. 
7.1.3. QTL analysis 
The four maps generated by direct mapping of all marker classes were chosen for 
QTL analysis in the respective populations. The option of using the third mapping 
round maps was guided by the ambition of having good saturated maps, for the 
identification of tightly linked QTL markers. Alternative analyses using integrated 
parental maps or maps of second round performed in population C1 revealed similar 
QTL positions, but additional the associated markers were also identified. 
QTL analysis on all cuts of all the studied traits was not possible in the timing of the 
experiments. Therefore, the total or mean value of the traits was first considered, as 
well as some individual cuts depending on the trait. In some cases, the same QTL 
position was identified using the mean or total value of a trait and using specific cuts 
of this trait, but in some other cases the results were quite different. 
For QTL analysis we combined KW tests and SIM (MapQTLv.4.0). Multiple QTL 
mapping has a higher power and precision in detecting QTLs compared to SIM 
(Jansen and Stam, 1994; Hayashi et al., 2002). However, as it was found in the 
present analysis, MQM calculations can be very arduous, requiring long computation 
times. Restricted MQM was therefore only applied for population C1. The majority of 
the markers, which had been identified by KW and SIM as associated to the traits, 
were confirmed. In some cases new candidates were identified by rMQM.  
QTL results indicated that for each of the studied traits, several genome regions were 
involved. Individual markers identified as associated to a trait explained from 9.7 to 
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40.0% of the phenotypic variation of the trait. The average number of markers linked 
to total DMY, mean CP, mean WSC and mean DMD for the four populations were 
5.5, 6, 10 and 10, respectively. These markers explained 14.6 (DMY), 17.2 (CP), 
14.8 (WSC) and 17.9 (DMD) % of the variation. Some markers displayed significant 
associations for multiple traits, especially DMD and WSC. This finding is in 
agreement with the positive correlation between the two traits found in chapter 2 and 
unanimously stated in the literature (Frandsen, 1986; Humprheys 1989 c; Radojevic 
et al., 1994). For DMY, major QTLs were identified mainly on LG4. Major QTLs for 
CP were present mainly on LG4. For WSC, major QTLs were located mainly on LG2, 
LG3 and LG7. For DMD, major QTLs were found on LG2, LG3, LG4, LG6, LG7, 
LG(8) and LG(9).  
The present study is the first in which several mapping populations of different origins 
have been combined for QTL identification in fodder grasses. QTLs located on the 
same LG were identified in the different populations but significant differences 
between populations were also apparent. Major QTLs for DMY were identified on 
LG4 in three of the four populations. For CP, major QTLs were present on LG4 in all 
populations and on LG7 and LG6 in several populations. For WSC, major QTLs were 
located on LG2, LG3 and LG7 in two of the populations.  No consistent QTL location 
was revealed in the four populations for DMD. Some correspondences with the few 
published reports on quality traits in fodder grasses (Turner et al., 2005; Cogan et al., 
2005) could be established: LG2, LG3, and LG4 for CP; LG2, LG3, LG6 and LG7 for 
WSC; and LG3, LG4 and LG7 for DMD. These similarities indicate that there might 
be major conserved genome regions responsible for the expression of yield and 
quality quantitative traits in ryegrass. However, a majority of QTLs were located in 
chromosome regions specific to each population. Additionally, even though common 
regions were identified, the associated markers were in most cases different. Thus, 
the efficacy of the markers for MAS in another genetic background is not certain. 
7.1.4. MAS and evaluation 
Most QTL studies in fodder grasses and related species published to date have not 
gone beyond the step of QTL identification. Even for important crops for which many 
reports on QTL study have been published, the effective use of molecular markers 
for variety creation stay limited. The main purpose of this study was not only to 
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identify QTL markers, but also to test their effect by MAS in populations derived from 
the segregating populations across different environments. QTL markers for DMY, 
CP, WSC and DMD were therefore used in this study for MAS. Phenotypic 
observations were used to identify elite F1-genotypes with high values for the 
different traits. These F1-genotypes were then self-pollinated with the intent to ‘fix’ 
the QTL effects. Marker information was then used to select S1-individuals according 
to the different traits. These S1-individuals were intercrossed in different 
‘compositions’, which were finally evaluated in yield and quality plots at two locations.  
Significant differences were observed between the results of the two experiment 
locations. This was probably a reflection of the differences in field management and 
in environmental conditions, leading to a different number of cuts performed. The 
differences reflect the normal conditions of both locations. Analysis of variance 
revealed acceptable coefficients of variation for the experiments and no further 
undesirable interaction between factors. Total or means of all cuts for the different 
traits were in the known range of values for both locations. The evolution over the 
cuts was not always as expected especially for CP and WSC, but this was regularly 
observed in the classical breeding trials at ILVO-Plant. 
For most traits, several of the eight MAS compositions scored better than the 
reference varieties and than compositions of the same origin as the F1-populations 
generated by the classical breeding program. However, the composition(s) did not 
necessarily rank as expected for the different traits. For most traits, no significant 
differences were found between the phenotypic scores of the positive and negative 
selections and in many cases the negative selections revealed even better 
phenotypic scores than the positive selections, which was completely unexpected. 
Furthermore, the intercrossings of the F1-parents selected in this study for self-
pollination were as good if not better than the MAS. This means that the 
compositions obtained by MAS represent valuable material for breeding purposes, 
generally better than the references. These plant materials will certainly be used for 
new variety creation. However, the gain obtained by MAS was not as expected and 
no significant heterosis effect was generated. Overall, WSC and DMD had the best 
response to MAS. Although, from the literature and from the results of chapter 2, it is 
known that these traits do not have the same variation and heritability (DMD: low CV 
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and variable results for heritability but mostly moderate to low; WSC: considerable 
CV and good heritability). 
Some explanations for these results were formulated. In the first place, the different 
steps leading to the identification of the QTL markers could be questioned for their 
effectiveness, mainly the phenotyping on individual plants and the selection of only 
elite parents. The set of QTL markers identified and the relatively high number of 
them applied for MAS could also be questioned as well as the method applied for 
MAS. However, using the same set of markers and method for virtual MAS at the F1-
level allowed the identification of genotypes with a different mean for the trait than the 
population means (particularly for DMY and WSC) so that differentiation between 
selected favourable and unfavourable F1-genotypes was obvious. Thus, the QTL 
identified were probably present and selected for but not expressed in the same way 
in the MAS compositions due to environmental effects. The results suggested that 
the QTL effects estimated in the initial population were not stable due to epistasis 
and/or by environment interactions. Additionally, the recombination of S1-plants of 
different origins might have generated some heterosis effects which overruled the 
expected QTL-piling in the offspring populations. However, the compositions 
including plants out of the self-pollinated populations not retained by MAS achieved 
poor results. The opportunity of using self-pollination in the experiment may be 
questioned as no heterosis effect was stated.  
The application of MAS at the level of F1-genotypes would have allowed answering 
or checking some of these questions. However, this was not performed due to 
practical constrains. The choices made were greatly influenced by a strict time 
schedule and by the non persistent nature of the species. 
The gain obtained by MAS was not as expected and no significant heterosis effects 
were generated. From our results, the possibility and advantage of applying MAS for 
complex traits such as DMY and quality traits from a whole season observations in a 
very heterogeneous species like ryegrass could be questioned. However, many 
parameters linked to the scheme applied and choices made in the present study 
would have to be checked before making such a conclusion. Further testing of the 
MAS in other environmental conditions could deliver further explanations and help 
highlight eventual factors of influence or errors, but this is out of the scope of the 
present thesis. 
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7.2. Future objectives and perspectives 
Identification of QTLs and flanking markers for complex quantitative traits such as 
yield and quality characteristics is not a simple matter. The opportunity to apply MAS 
for such complex traits in a very heterogeneous and heterozygous species like 
ryegrass could be questioned. However, this study delivered interesting results and 
many factors and many parameters linked to the scheme applied and choices made 
would have to be checked before making such a conclusion. 
Priority will be given tentatively to highlight the reasons why the MAS gave 
ambiguous results. Therefore, genotypes from the MAS compositions will be 
fingerprinted with the QTL markers associated to the traits. There should be an 
enrichment of QTL-alleles in each group and the difference between positive and 
negative selection should clearly appear. If this is not the case we should conclude 
that MAS for specific marker alleles was not successful (due to the weights attributed 
to each allele combination or due to the nature of associated markers).  
Improving the different steps performed prior to the identification of the associated 
markers without the timing constrain imposed by the MAS will be also a priority. The 
L. multiflorum mapping populations do not exist anymore. However, the fingerprinting 
of the genotypes is still possible, since DNA material as well as frozen leaf material is 
still available. A linkage map is a tool that always can be improved. Saturation of the 
maps with additional co-dominant markers and functionally associated markers will 
be a priority, in at least one of the populations and preferably two of them. This 
should allow obtaining better genome coverage with more informative markers, 
joining LGs which still appear unlinked and identifying tightly linked QTL markers. It 
will facilitate comparisons with publications on ryegrasses and related species, thus 
facilitating the identification of the ILGI number of some LGs and the establishment of 
synteny relationships with other published results. The recently STS markers from L. 
perenne c-DNA sequences developed at ILVO-Plant (Muylle et al., 2003) is the first 
source of markers that could be used. These markers are of high interest as they 
detect expressed sequences related to physiological pathways of the general plant 
metabolism. Some of them were already partially mapped in population C1 (9 were 
polymorphic, four were mapped) and in the rust mapping population of Muylle et al. 
(2003). Also, more SSR and STS markers are now publicly available than at the start 
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of our study. The public reference set of SSR markers used by Jensen et al. (2005) 
to develop a consensus map based on four different mapping populations (including 
the ILGI population) could be a second source of co-dominant markers for further 
mapping. The STS and SSR markers developed and published by Inoue and Cai 
(2004) and Studer et al. (2006) are interesting primer sets to test as they were 
developed from Italian ryegrass. Also, Warnke et al. (2004) published the sequences 
of tall fescue and conserved grass EST-SSR primers, which mapped in a L. perenne 
x L. multiflorum population. The mapping of some of these markers would be 
interesting for establishing synteny relationship with other grass species. A selection 
of these markers will be performed depending of their origins, associated functions or 
QTL traits they have been associated with. The similarities of the present QTL 
locations with the results of the few studies already published for quality traits in 
fodder grasses (Turner et al., 2005; Cogan et al., 2005) indicate that these 
chromosome regions in particular should be further investigated. The mapping of 
new co-dominant markers in these regions will be a priority. Further QTL analyses 
with alternative methods will be performed in order to check and refine the output. 
Combination of the KW, SIM and rMQM results for all populations, as already 
performed for population C1, would bring further information. Analyses using 
improved linkage maps will be performed when available. 
F1-seeds produced from the different pair-crosses used, seeds from the different S1-
populations used and from other S1-populations (self-pollination of F1-genotypes of 
populations C1 to C4) are still available. This could allow further investigations in the 
same genetic backgrounds as the ones used in the present work. New MAS using 
the same associated QTL markers, only major QTL markers, confirmed QTL markers 
or new QTL markers by alternative analyses could be performed at the level of S1-
populations. The plants would be grown longer in order to allow their split-up, if 
necessary. Comparing compositions produced from several S1-populations or within 
a single S1-population will be possible. The F1-seeds from the different pair-crosses 
could generate new self-pollinations (of non elite genotypes this time) or other types 
of populations (F2-populations for example). Comparisons of results would help 
understanding the result of the present MAS. In addition, MAS for only one cut of 
each trait could also be attempted. 
 175
Chapter 7 
It is often stated that QTL identified in a specific cross will not be effective in another 
genetic background. The different mapping populations of the present study 
delivered effectively different results but some similarities as well. Thus, another 
direction for checking the validity of the marker allele associated to the QTL could be 
their testing in genetically broader populations and in material of other origins than 
the present mapping populations. Association studies using collections of plants with 
a broad genetic basis should allow the identification or confirmation that the QTL 
markers identified are generic rather than cross-specific (Skot et al., 2005). Another 
interesting approach would be the testing of the QTL markers in the mapping 
populations used in the study of Turner et al. (2005) and Cogan et al. (2005). The 
realisation of these experiments will not be a priority and will depend on the results of 
the two further investigations first mentioned. 
The material produced by the present MAS is being further tested and multiplied. 
Some compositions will possibly be introduced for registration in one of the next 
years. The material will further be used in the breeding pool for specific selection 
towards the traits of interest. If they prove their efficacy for MAS under other 
experimental set ups, some of the QTL markers identified in the present study could 
be applied in practical breeding. 
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Tables A.1 to A.4: full lists and characteristics of linked markers identified for the 
different traits in the mapping population C1, C2, C3 and C4 respectively. 
Legend:  
Traits:  DMY-T = total DMY, DMY-1 = DMY at cut 1, DMY-2 = DMY at cut 2,   
DMY-5 = DMY at cut 5; 
- CP-M = arithmetic mean of CP content, CP-1 = CP content at cut 1,  
- WSC-M = arithmetic mean of WSC content, WSC-2 = WSC content at cut 
2, WSC-3 = WSC content at cut 3; 
- DMD-M = arithmetic mean of DMD, DMD-1 = DMD at cut 1 and          
DMD-2 = DMD at cut 2. 
Marker:  SSR markers are indicated with a prefix Rye or Uni, STSs in bold and 
capital letters and AFLPs with a prefix PC. 
LG (Linkage Group): the numbering of LG1 to LG7 is in accordance with the ILGI 
map; other LG numbers (9) are placed between brackets. 
Map position: position on the LG in cM. 
Sign. level:  significance level for the Kruskal-Wallis (KW) test;  
* = P<0.1, ** = P<0.05, *** = P<0.01, **** = P<0.005, ***** = P< 0.001; 
****** = P<0.0005, ******* = P<0.0001. 
LOD score:  logarithm of odds = the likelihood of assuming a QTL to be at a 
particular position divided by the likelihood assuming no segregating 
QTL in the interval in the simple interval mapping (SIM). 
Code LOD:  LOD significance thresholds determined by permutation tests (1000 
iterations) in SIM 
Iter: number of iterations to reach the maximum likelihood 
% expl.: percentage of variance explained by a given marker from the SIM. 
% effect: = (mu max – pop mean) / pop mean x 100; with mu max = maximum mean 
value of plants with same allele configuration for the trait and pop mean = 
mean value of the whole population for the trait. 
Markers fulfilling the following criteria figure in the tables: 
- SIM LOD score higher than the 90 % confidence threshold; 
- SIM number of iterations < 20; 
- KW significance level P <0.1. 
Table A.1: Full list and characteristics of QTL markers identified for the different traits in the populations C1
KW
Trait Marker LG Map position Sign. level LOD score Code LOD Iter % expl. % effect
DMY-T Rye035 4 15,2 ****** 4,15 95 6 18,5 15,7
DMY-T PC6-183 4 30,9 ***** 3,37 90 9 15,0 17,3
DMY-T PC3-299 4 32,3 *** 4,62 99 7 21,2 19,6
DMY-T PC6-124 4 33,1 ****** 3,38 90 12 15,8 16,2
DMY-T PC3-150 4 36 ***** 3,27 90 5 13,9 13,0
DMY-T PC5-392 4 45 ****** 3,83 95 5 16,0 15,7
DMY-T PC8-444 (9) 59,1 ** 2,63 90 18 17,9 12,7
DMY-T PC7-394 (9) 85,8 **** 2,61 90 11 11,7 12,1
DMY-1 PC7-170 1 0 ** 3,16 90 17 24,7 12,1
DMY-1 Rye035 4 15,2 *** 3,65 90 6 17,0 13,5
DMY-2 PC7-324 7 20,9 ** 2,63 90 8 12,6 6,7
DMY-2 PC5-299 7 21 ** 2,74 90 8 12,9 7,2
DMY-2 PC3-125 7 22,6 ** 2,68 90 8 12,7 6,7
DMY-2 PC4-174 7 30,7 * 2,63 90 4 11,3 11,7
DMY-2 PC4-178 7 30,8 ** 2,62 90 4 11,3 11,8
DMY-2 PC1-163 7 32,1 *** 2,61 90 5 11,3 11,9
DMY-2 PC3-193 7 33,3 *** 3,08 95 5 13,2 12,7
DMY-5 Rye035 4 15,2 ***** 3,40 90 4 14,4 16,7
DMY-5 PC6-183 4 30,9 ****** 4,07 95 11 20,1 33,9
DMY-5 PC3-299 4 32,3 *** 3,74 95 11 18,7 30,2
DMY-5 PC5-392 4 45 ******* 3,46 90 5 14,7 24,6
DMY-5 PC7-208 5 27,7 ***** 2,80 90 4 12,0 18,3
DMY-5 ASP (8) 20 * 2,24 90 4 9,7 26,6
DMY-5 PC6-197 (8) 29,6 ** 2,58 90 8 12,9 29,0
DMY-5 PC6-166 9 78,3 ******* 4,20 99 8 17,4 21,0
CP-M PC2-101 4 10,1 ****** 3,59 90 10 16,8 4,2
WSC-M PC4-093 2 18,4 ** 3,87 99 12 21,9 6,9
WSC-M Rye022 2 26,1 *** 2,86 95 5 12,5 5,1
WSC-M PC8-080 6 54 **** 3,11 90 11 13,8 4,9
WSC-M PC6-095 7 5,7 *** 3,48 95 6 15,3 5,1
WSC-M PC2-121 7 9,1 **** 2,75 90 9 12,2 4,1
WSC-M PC2-161 7 11,1 ****** 3,52 95 7 15,0 4,6
WSC-M PC4-203 7 13,9 ** 2,75 90 7 12,8 5,2
WSC-M PC7-160 7 15,9 ** 3,97 99 9 20,5 5,4
WSC-M PC7-324 7 20,9 *** 2,74 90 8 13,3 3,5
WSC-M PC4-178 7 30,8 **** 2,71 90 4 11,6 5,3
WSC-M PC1-163 7 32,1 ***** 3,11 95 5 13,3 5,1
WSC-M PC3-193 7 33,3 ****** 4,07 99 5 17,0 6,0
WSC-M PC8-361 7 34,9 *** 3,15 95 10 16,4 4,9
WSC-M PC1-224 7 38,3 ******* 5,81 100 10 24,8 5,8
WSC-M PC7-249 7 42,7 ******* 4,21 99 13 18,1 5,2
WSC-M PC1-291 (8) 49,8 **** 2,84 95 13 13,3 5,5
WSC-2 PC2-121 7 9,1 ***** 3,39 95 7 15,1 4,0
WSC-2 PC7-160 7 15,9 *** 3,17 95 9 15,9 5,0
WSC-2 PC1-224 7 38,3 ** 3,24 95 9 16,5 5,5
WSC-2 PC7-249 7 42,7 **** 3,16 95 12 19,0 4,6
DMD-M Rye035 4 15,2 ****** 3,44 90 5 14,8 2,4
DMD-M PC6-125 4 35,3 **** 3,97 95 12 22,8 1,9
DMD-M PC8-159 6 29,7 *** 3,15 90 6 14,1 2,4
SIM
 
 
 
Table A.1: continued
KW
Trait Marker LG Map position Sign. level LOD score Code LOD Iter % expl. % effect
DMD-M SER 6 41,2 **** 3,59 95 4 15,2 2,2
DMD-M PC2-173 6 45,3 ****** 3,76 95 8 15,9 2,1
DMD-M PC8-188 6 47,8 ******* 4,52 99 5 18,7 2,0
DMD-M PC2-130 6 54,9 ****** 3,36 95 7 14,5 2,5
DMD-M PC7-098 6 72,9 **** 2,92 90 8 13,4 2,0
DMD-M PC6-197 (8) 29,6 *** 2,25 90 7 10,4 1,5
DMD-M PC2-366 (8) 9,7 * 2,27 90 10 13,6 1,3
DMD-M PC1-291 (8) 49,8 ******* 4,13 99 10 18,5 2,9
DMD-M PC4-264 (8) 50,6 * 4,01 99 10 18,0 2,9
DMD-1 PC4-114 2 0 **** 2,81 95 12 15,3 1,6
DMD-2 Rye022 2 26,1 **** 3,99 99 5 16,9 1,1
DMD-2 PC8-341 2 41,7 ***** 3,14 95 15 15,1 0,9
DMD-2 PC8-397 3 75 ******* 4,33 95 6 18,2 1,0
DMD-2 PC4-229 3 87,5 ** 3,48 90 9 15,5 1,1
DMD-2 PC6-402 7 6 * 2,85 90 6 13,3 0,8
DMD-2 PC2-121 7 9,1 **** 2,72 90 7 12,5 0,9
SIM
 
Table A.2: Full list and characteristics of QTL markers identified for the different traits in the populations C2
KW
Trait Marker LG Map position Sign. level LOD score Code LOD Iter % expl. % effect
DMY-T PC2-311 3 31,4 *** 2,67 90 9 11,1 12,3
DMY-T PC3-430 6 25,1 **** 4,08 99 11 21,2 16,6
DMY-T PC7-208 6 53,6 ****** 2,81 90 5 11,5 9,9
DMY-1 PC6-119 2 8,6 ** 3,49 95 17 22,7 18,2
DMY-1 PC8-114 4 38 ** 3,06 90 7 13,1 9,4
DMY-1 PC5-209 4 54,8 * 3,45 95 9 17,4 9,9
DMY-1 PC6-234 4 63,1 ** 4,01 95 11 21,1 12,9
DMY-1 PC6-146 4 66,5 * 3,10 90 8 14,8 11,0
DMY-1 PC8-251 4 68,3 **** 4,69 99 10 24,8 14,2
DMY-1 PC8-105 4 75,7 *** 3,68 95 8 17,4 11,9
DMY-1 PC5-233 4 80 *** 3,81 95 11 20,2 13,2
DMY-1 PC6-295 4 85,6 * 3,02 90 13 18,4 12,2
DMY-1 PC2-148 6 24,3 ** 3,84 95 14 25,6 16,6
DMY-2 PC6-119 2 8,6 ***** 4,80 99 17 25,0 16,2
DMY-2 PC1-287 2 13 ****** 3,17 90 11 13,0 10,2
DMY-2 PC2-157 4 58,8 * 3,11 90 9 16,7 11,8
DMY-5 PC2-311 3 31,4 ****** 3,20 95 8 13,1 16,2
DMY-5 PC2-131 6 31,6 **** 3,06 90 11 14,7 10,5
DMY-5 PC4-188 6 37,3 **** 2,88 90 6 11,9 8,9
DMY-5 PC7-208 6 53,6 **** 3,05 90 5 12,4 11,2
CP-M PC2-119 2 55 ** 3,22 90 8 15,0 2,5
CP-M PC4-428 2 71,2 ****** 3,39 90 12 15,6 3,0
CP-M PC2-193 4 21,5 ******* 4,25 99 10 17,2 4,0
CP-M PC4-155 4 22,2 **** 4,65 99 7 19,3 4,6
CP-M PC6-194 4 27,9 ******* 8,72 100 6 31,8 3,3
CP-M ADH 4 31,9 ******* 7,45 100 5 27,4 3,3
CP-M PC7-086 4 33,5 ******* 7,40 100 5 27,3 4,0
CP-M PC4-195 4 34,5 ******* 7,03 100 6 26,2 4,1
CP-M PC8-114 4 38 **** 6,34 100 6 24,4 3,1
CP-M PC6-078 4 39,2 ******* 5,75 100 5 21,9 3,0
CP-M PC7-083 4 39,8 * 4,47 99 8 19,1 3,1
CP-M PC6-105 4 40,5 ** 5,36 99 10 24,0 3,3
CP-M PC4-410 4 42,7 ******* 4,35 99 6 17,2 3,6
CP-M PC1-253 4 44,2 ***** 3,86 95 13 19,1 4,4
CP-M PC2-322 4 59,9 ****** 3,46 95 9 14,6 4,1
CP-M PC4-188 6 37,3 **** 3,26 95 6 13,5 2,8
CP-M PC3-105 7 29,6 ** 2,82 90 10 13,7 2,6
CP-1 PC3-297 3 51,7 *** 2,79 90 14 13,6 5,9
CP-1 PC6-194 4 27,9 ****** 4,01 99 6 16,4 2,8
CP-1 ADH 4 31,9 **** 3,41 95 5 13,7 2,6
CP-1 PC6-080 6 22,6 * 3,58 95 11 18,4 3,0
CP-1 PC2-148 6 24,3 ***** 4,30 99 11 19,8 4,0
CP-1 PC5-177 6 30,2 ** 2,84 90 14 15,8 5,4
CP-1 PC2-113 6 32,5 ** 3,78 95 18 16,7 3,6
CP-1 PC7-102 6 33,8 * 3,44 95 9 15,9 2,6
CP-1 PC3-142 6 35,1 ** 3,34 95 8 14,9 4,4
CP-1 PC4-188 6 37,3 **** 4,69 99 6 18,9 6,2
CP-1 PC6-336 6 42,4 ** 3,40 95 11 15,6 3,5
WSC-M PC4-188 6 37,3 ****** 3,25 95 6 13,4 3,5
SIM
 
 
 
Table A.2: continued
KW
Trait Marker LG Map position Sign. level LOD score Code LOD Iter % expl. % effect
WSC-M PC8-246 7 31,6 ** 2,67 90 7 12,0 4,3
WSC-M PC3-237 7 35,1 **** 3,47 95 8 15,9 5,0
WSC-M PC2-353 7 38,3 * 3,50 95 8 16,8 5,3
WSC-M PC6-242 7 58,5 *** 2,66 90 9 12,6 4,0
WSC-2 PC7-224 3b 15,4 **** 3,16 90 5 13,0 3,5
WSC-3 PC1-205 7 0 *** 3,37 95 20 30,3 7,6
WSC-3 PC2-121 7 24,3 **** 2,68 90 11 13,1 5,6
DMD-M PC1-287 2 13 ***** 3,58 95 9 16,1 1,7
DMD-M OSW 7 52,7 ** 2,90 95 5 11,9 1,3
DMD-M PC6-242 7 58,5 *** 2,82 95 8 12,6 1,2
DMD-M PC1-341 7 68,2 ** 2,82 95 11 15,2 1,3
DMD-M PC4-333 7 76 ** 3,23 95 13 17,9 1,6
DMD-1 PC6-242 7 58,5 **** 3,01 95 9 12,6 1,0
DMD-2 PC7-239 6 4,3 ** 3,36 95 10 19,7 0,9
SIM
 
Table A.3: Full list and characteristics of QTL markers identified for the different traits in the populations C3
KW
Trait Marker LG Map position Sign. level LOD score Code LOD Iter % expl. % effect
DMY-T PC7-149 7 76,1 **** 2,67 90 5 10,8 9,0
DMY-T PC2-393 7 81 ***** 2,52 90 6 10,2 12,6
DMY-1 PC7-274 4 42 ****** 3,61 95 10 15,3 17,8
DMY-1 PC4-164 4 49,5 ****** 3,47 90 5 13,7 15,2
DMY-1 PC7-149 7 76,1 ** 2,51 90 6 10,3 10,4
DMY-2 PC6-108 1 0 ** 2,91 90 9 11,8 6,7
DMY-5 PC1-345 1 43,3 ** 3,15 95 9 15,2 20,8
DMY-5 PC4-270 7 56,1 *** 3,27 95 11 14,6 7,5
DMY-5 PC6-061 7 60,4 ** 2,68 90 7 11,4 9,3
DMY-5 PC1-193 7 62,9 *** 2,92 95 5 11,9 7,1
DMY-5 PC2-254 7 63,1 **** 3,24 95 6 12,8 8,0
DMY-5 PC7-286 7 67,7 **** 2,91 95 8 12,2 11,6
DMY-5 PC7-285 7 71,5 **** 3,16 95 8 12,8 13,6
DMY-5 PC3-281 7 81,9 ** 2,64 90 6 10,9 12,8
CP-M PC4-128 4 55,4 ** 7,61 99 12 40,0 52,1
CP-M PC6-316 7 83,7 ****** 4,41 99 6 17,4 6,1
CP-M PC6-358 7 86,9 * 4,31 99 7 17,9 6,1
CP-M PC7-078 2b 18,6 * 2,30 95 16 11,0 3,0
CP-M PC4-140 2b 27,8 * 2,49 95 13 10,0 3,0
CP-1 PC4-112 6 25,1 **** 5,06 100 11 25,2 6,2
CP-1 PC6-211 6 29,2 **** 5,68 100 10 24,6 7,3
CP-1 SER 6 30,1 ****** 4,53 99 8 18,4 7,3
CP-1 PC3-130 6 33,8 *** 5,18 100 7 20,7 5,1
CP-1 PC6-189 6 36,2 ******* 7,54 100 11 29,2 8,2
CP-1 PC4-444 6 36,9 * 7,44 100 7 27,7 7,5
CP-1 Rye005 6 41,1 ******* 6,04 100 9 23,4 7,0
CP-1 Rye014 6 41,9 ******* 5,94 100 9 23,3 6,9
CP-1 PC2-151 6 46,8 ** 2,97 90 8 13,2 5,2
CP-1 PC2-363 6 48,4 ******* 3,54 95 9 14,0 4,7
CP-1 PC3-131 6 54,4 ******* 5,17 100 9 21,5 5,9
CP-1 PC6-052 6 55,9 * 4,24 99 12 19,0 4,9
CP-1 PC3-132 6 60,4 ****** 3,84 95 12 17,6 4,1
WSC-M PC1-269 2 29,4 *** 2,58 90 8 11,7 6,9
WSC-M PC8-159 6 0 **** 2,95 90 16 15,7 4,6
WSC-M PC7-101 6 8 ******* 4,41 99 8 17,9 5,3
WSC-M PC4-112 6 25,1 ****** 3,71 95 12 16,1 5,8
WSC-M PC3-130 6 33,8 ** 3,21 95 7 13,8 4,6
WSC-M PC6-052 6 55,9 **** 3,35 95 16 15,1 6,5
WSC-M PC3-132 6 60,4 **** 3,44 95 10 16,9 6,9
WSC-M PC1-418 7 77,4 **** 3,24 95 7 13,2 5,7
WSC-M PC3-281 7 81,9 * 3,84 99 6 15,5 4,1
WSC-M PC6-316 7 83,7 ******* 4,16 99 5 16,0 4,2
WSC-M CAT 7 98 ** 2,96 95 4 11,7 5,5
WSC-M PC4-265 2b 38,1 * 3,12 95 17 21,1 6,3
WSC-M PC8-208 3b 57,3 *** 4,58 99 8 20,0 7,7
WSC-M PC3-185 3b 82,3 ** 2,81 90 11 15,2 8,8
WSC-2 PC8-208 3b 57,3 *** 4,62 99 7 19,8 10,1
WSC-2 PC3-185 3b 82,3 **** 3,61 95 12 17,8 11,6
WSC-2 PC6-072 3b 96,9 **** 4,19 99 15 17,5 7,8
SIM
 
 
 
Table A.3: continued
KW
Trait Marker LG Map position Sign. level LOD score Code LOD Iter % expl. % effect
WSC-2 PC5-090 3b 97 ******* 4,16 99 15 17,4 7,8
WSC-3 PC2-393 7 81 * 3,00 95 6 12,7 5,3
WSC-3 PC3-281 7 81,9 * 3,08 95 6 13,1 4,5
DMD-M PC3-294 4 23,1 **** 3,75 95 9 16,8 0,9
DMD-M PC5-214 4 62 ** 3,37 90 9 17,3 3,3
DMD-M PC3-132 6 60,4 ** 2,93 90 10 15,2 2,4
DMD-M PC7-149 7 76,1 **** 5,87 100 6 22,9 2,5
DMD-M PC3-120 3b 55,6 * 5,28 99 12 31,6 2,9
DMD-1 PC7-373 4 24,1 *** 3,73 95 16 22,8 2,7
DMD-1 PC7-101 6 8 **** 2,89 90 8 12,0 1,0
DMD-1 PC6-370 6 16 *** 2,85 90 10 12,9 0,8
DMD-1 PC2-130 6 20,7 ****** 3,72 95 8 15,0 0,9
DMD-1 PC2-097 6 25 *** 2,92 90 14 17,7 1,7
DMD-1 PC6-296 6 29,1 * 3,62 95 6 14,8 1,2
DMD-1 PC6-211 6 29,2 ******* 4,24 99 7 16,7 1,3
DMD-1 PC6-189 6 36,2 **** 5,88 100 9 24,1 1,9
DMD-1 PC4-444 6 36,9 ****** 7,12 100 5 26,0 1,9
DMD-1 Rye005 6 41,1 **** 5,93 100 7 23,9 1,7
DMD-1 PC1-323 6 47,9 *** 3,02 90 7 12,1 0,8
DMD-1 PC2-363 6 48,4 ***** 3,08 90 7 13,0 1,3
DMD-1 PC3-131 6 54,4 ***** 6,15 100 8 26,1 1,6
DMD-1 PC3-190 6 54,4 **** 6,22 100 13 29,1 2,0
DMD-1 PC6-052 6 55,9 * 5,53 99 13 29,4 2,1
DMD-1 PC3-132 6 60,4 ** 3,92 95 12 21,9 1,7
DMD-2 PC1-068 4 15 ****** 3,30 90 5 13,0 1,2
DMD-2 PC6-284 4 17 ** 4,27 99 9 19,5 1,5
DMD-2 PC6-281 4 29,3 ****** 3,22 90 5 12,7 1,4
DMD-2 PC7-344 4 36,8 **** 4,80 99 8 21,8 1,7
DMD-2 PC4-054 4 38,8 **** 3,96 95 8 17,5 1,7
DMD-2 PC3-177 4 40 ******* 3,64 95 12 15,4 2,0
DMD-2 PC2-177 4 40,7 ******* 3,80 95 9 16,1 2,2
DMD-2 PC1-187 4 41 ******* 3,69 95 8 15,3 2,1
DMD-2 PC1-251 4 44,8 **** 3,84 95 12 19,2 2,8
DMD-2 ADH 4 52,1 **** 3,33 90 4 13,0 1,2
DMD-2 PC7-149 7 76,1 ** 2,89 95 6 12,1 1,4
DMD-2 PC1-418 7 77,4 ** 2,43 90 7 10,5 1,2
DMD-2 PC4-305 3b 28 ** 4,14 99 19 33,1 2,1
DMD-2 PC1-071 3b 41,6 ****** 3,55 95 7 14,0 1,6
DMD-2 PC8-208 3b 57,3 ****** 6,42 100 8 27,5 2,2
DMD-2 PC3-185 3b 82,3 **** 3,13 90 11 16,2 2,0
DMD-2 PC3-209 3b 103,3 ******* 3,98 95 20 18,8 1,6
SIM
 
 
 
 
 
 
 
 
Table A.4: Full list and characteristics of QTL markers identified for the different traits in the populations C4
KW SIM
Trait Marker LG Map position Sign. level LOD score Code LOD Iter % expl. % effect
DMY-T PGLU 3 8,5 ** 3,54 95 5 14,2 5,6
DMY-T CAT 7 27,8 ** 3,11 90 5 12,5 7,7
DMY-T PC5-233 (8) 0 * 2,94 95 16 22,9 14,0
DMY-T PC4-248 (8) 6,9 * 2,91 95 11 16,6 13,2
DMY-T PC1-069 (8) 25,1 ***** 4,13 99 8 18,5 13,0
DMY-T ASP (8) 29,4 ***** 3,88 99 6 15,7 11,8
DMY-T PC5-416 (8) 32,9 ** 3,85 99 9 18,7 11,0
DMY-T PC6-197 (8) 33,7 *** 4,31 99 10 22,4 12,6
DMY-T PC6-198 (8) 43,7 ** 3,72 99 7 17,0 9,3
DMY-T PC4-060 (8) 46,2 *** 3,30 95 12 15,4 9,1
DMY-T PC3-299 (8) 49,5 ** 2,81 95 15 15,3 10,1
DMY-1 PC5-233 (8) 0 * 3,36 95 14 29,2 8,9
DMY-2 PGLU 3 8,5 ** 3,14 90 6 12,6 6,3
DMY-2 PC6-197 (8) 33,7 ** 3,01 90 10 15,7 8,7
DMY-2 PC6-198 (8) 43,7 ** 3,68 95 7 16,1 5,8
DMY-2 PC4-060 (8) 46,2 * 3,31 90 10 16,0 5,6
DMY-5 PGLU 3 8,5 *** 3,49 95 5 13,9 7,2
DMY-5 PC5-233 (8) 0 **** 4,27 100 13 27,2 20,0
DMY-5 PC1-069 (8) 25,1 ******* 6,94 100 9 28,4 17,4
DMY-5 ASP (8) 29,4 ******* 6,48 100 6 24,5 15,7
DMY-5 PC6-197 (8) 33,7 ** 6,58 100 11 33,1 17,1
DMY-5 PC6-198 (8) 43,7 * 3,11 95 7 14,4 11,5
DMY-5 PC4-060 (8) 46,2 *** 2,94 95 11 13,9 12,0
DMY-5 PC3-299 (8) 49,5 *** 2,88 95 13 13,8 13,0
CP-M PC5-255 4 22,7 ******* 3,10 90 5 12,3 3,2
CP-1 PC5-119 4 94,3 ****** 3,77 95 12 17,0 5,6
WSC-M PHOS 3 26,3 *** 3,06 90 4 12,0 3,9
WSC-M PC1-069 (8) 25,1 **** 2,87 95 7 12,1 3,8
WSC-M ASP (8) 29,4 **** 2,90 95 4 11,5 3,5
WSC-M PC6-393 (9) 2,4 ** 3,56 95 10 16,5 4,3
WSC-M PC6-153 (9) 13,4 *** 3,52 95 9 15,7 5,7
WSC-2 PC5-325 (10) 39,5 **** 3,05 90 11 14,3 4,3
WSC-3 PC3-134 2 26 **** 2,91 90 6 11,6 5,2
WSC-3 PC1-313 2 29 *** 2,93 90 9 13,3 4,5
WSC-3 PC1-112 2 31,5 ****** 4,69 99 9 20,4 6,7
WSC-3 PC7-057 2 36,9 * 5,24 100 8 21,3 6,7
WSC-3 PC2-277 2 37,5 ******* 4,43 99 8 17,1 5,0
WSC-3 PC2-170 2 41,3 **** 3,51 95 8 14,6 6,1
WSC-3 PC6-088 2 43,6 **** 4,11 99 8 16,8 6,2
WSC-3 PC2-276 2 44,4 ******* 5,49 100 6 21,0 7,0
WSC-3 PC1-063 2 46,7 ** 4,40 99 9 19,3 6,4
WSC-3 PC4-266 2 48,7 ****** 4,25 99 10 18,0 5,2
WSC-3 PC2-285 2 51,2 ** 4,22 99 8 17,8 6,0
WSC-3 PC4-278 2 53 ***** 4,52 99 6 17,5 5,9
WSC-3 PC4-140 2 53,9 ** 4,30 99 5 17,0 6,0
WSC-3 PC4-052 2 59,8 ** 3,08 90 5 12,2 5,1
WSC-3 PC7-214 3 45,9 **** 2,99 90 7 12,5 4,5
WSC-3 PC6-134 3 103,9 * 3,18 90 14 22,3 5,1
WSC-3 PC5-216 4 77,5 *** 3,55 95 9 16,2 8,1  
 
 
Table A.4: continued
KW
Trait Marker LG Map position Sign. level LOD score Code LOD Iter % expl. % effect
WSC-3 PC7-272 6 2,9 * 2,72 90 6 11,7 4,1
WSC-3 PC4-248 (8) 6,9 ****** 3,99 99 9 17,0 5,7
WSC-3 PC1-069 (8) 25,1 **** 3,70 99 7 15,5 4,8
WSC-3 ASP (8) 29,4 *** 3,23 95 5 12,7 4,2
WSC-3 PC6-197 (8) 33,7 ** 2,98 95 11 13,1 4,1
WSC-3 PC6-153 (9) 13,4 **** 3,70 95 12 18,7 6,8
WSC-3 PC2-327 (9) 15,5 *** 4,72 99 8 19,3 6,6
DMD-M PC1-112 2 31,5 **** 3,88 95 10 19,9 2,3
DMD-M PC2-170 2 41,3 *** 3,86 95 8 16,1 2,2
DMD-M PC6-088 2 43,6 ****** 3,92 95 6 15,5 2,3
DMD-M PC2-276 2 44,4 *** 3,87 95 7 15,8 2,2
DMD-M PC4-266 2 48,7 ***** 3,54 95 8 14,3 1,7
DMD-M PC4-278 2 53 **** 3,45 95 5 13,5 1,9
DMD-M PHOS 3 26,3 *** 2,97 90 4 11,7 1,7
DMD-M PC7-214 3 45,9 **** 2,91 90 6 11,9 1,5
DMD-M PC4-248 (8) 6,9 **** 3,65 95 9 16,7 1,7
DMD-M ASP (8) 29,4 ** 2,59 90 4 10,3 1,1
DMD-M PC6-394 (9) 0 * 7,28 100 7 29,0 2,3
DMD-M PC6-393 (9) 2,4 ******* 7,59 100 8 29,4 2,2
DMD-M PC1-357 (9) 5,5 **** 7,44 100 12 34,2 2,4
DMD-M PC1-125 (9) 8,3 **** 5,51 100 11 26,0 1,9
DMD-M PC6-167 (9) 9,6 ******* 4,99 100 7 19,3 1,6
DMD-M PC6-153 (9) 13,4 ******* 6,60 100 9 26,6 2,8
DMD-M PC2-327 (9) 15,5 ******* 6,64 100 6 24,7 2,5
DMD-M PC7-100 (9) 18,8 **** 6,97 100 9 31,4 3,1
DMD-1 PC2-277 2 37,5 ****** 2,93 90 8 11,7 0,8
DMD-1 PC2-170 2 41,3 ***** 3,41 95 9 14,2 1,1
DMD-1 PC6-088 2 43,6 **** 2,94 90 10 12,7 1,0
DMD-1 PC4-278 2 53 ****** 3,63 95 6 14,1 1,0
DMD-1 PC6-124 2 57,6 **** 3,71 95 4 14,4 1,1
DMD-1 PC2-162 2 57,6 * 3,72 95 5 14,5 1,1
DMD-1 PC6-235 2 59,1 **** 3,85 95 6 15,2 1,1
DMD-1 PC4-052 2 59,8 * 3,60 95 6 14,5 1,0
DMD-1 PC3-103 2 62,2 ** 3,51 95 11 19,2 1,0
DMD-1 PC4-055 2 63,6 ****** 4,61 99 9 19,7 1,1
DMD-1 PC4-246 2 64,6 *** 4,55 99 6 18,4 1,2
DMD-1 PC6-199 2 67,1 ** 2,98 90 6 12,2 1,1
DMD-1 PC4-312 (9) 14,8 *** 2,95 90 5 11,7 0,5
DMD-1 PC2-282 (9) 29,6 ** 3,39 95 7 15,3 0,8
DMD-1 PC3-291 (9) 30,7 *** 3,51 95 7 14,6 0,9
DMD-1 PC6-079 (9) 34,6 **** 4,13 99 6 16,5 1,1
DMD-1 PC2-338 (9) 42,7 ** 3,31 95 5 13,0 0,8
DMD-1 PC1-236 (9) 43,2 ** 3,08 90 5 12,3 0,8
DMD-2 PC2-277 2 37,5 ****** 3,79 95 6 14,8 1,3
DMD-2 PC2-170 2 41,3 ** 3,22 95 8 13,9 1,6
DMD-2 PC1-063 2 46,7 ** 3,06 90 9 13,9 1,5
DMD-2 PC4-266 2 48,7 **** 3,43 95 10 14,9 1,3
DMD-2 PC2-285 2 51,2 ** 3,77 95 7 15,6 1,5
DMD-2 PC4-278 2 53 ** 2,97 90 5 11,7 1,5
SIM
 
 
 
Table A.4: continued
KW
Trait Marker LG Map position Sign. level LOD score Code LOD Iter % expl. % effect
DMD-2 PC6-393 (9) 2,4 **** 3,03 90 9 13,2 1,2
DMD-2 PC1-357 (9) 5,5 *** 3,34 95 17 18,3 1,4
DMD-2 PC1-125 (9) 8,3 * 3,72 95 10 19,2 1,2
DMD-2 PC6-167 (9) 9,6 ****** 3,41 95 7 13,9 0,9
DMD-2 PC7-100 (9) 18,8 * 3,09 90 10 19,0 1,8
SIM
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- 16 candidate varietieten aangemeld voor officiele OHB en CGW-onderzoek in Belgïe of 
andere Europese land(en) 
- 5 rassen opgenomen op een of meerdere rassenlijst(en) van Belgïe of andere Europese 
land(en) 
2. Internationale congressen 
Met voordracht:  
- Vandewalle M., Calsyn E., Van Bockstaele E., Baert J. and De Riek J. (2003) DNA-markers 
for yield and quality traits in Italian Ryegrass. 25th Eucarpia of the Fodder Crops and 
Amenity Grasses Section meeting, September 1-4, 2003, Brno, Czech Republic 
- Roldán-Ruiz I., De Riek J., Muylle H., Baert J., Ghesquiere A. and Vandewalle M. (2005) 
Les marqueurs moléculaires: quelles utilisations possibles en cultures fourragères? 
Journées de l’Association Française pour la Production Fourragère, Génétiques des 
prairies, March 15-16, 2005, Paris, France 
- Vandewalle M., Calsyn E., Van Bockstaele E., Baert J. and De Riek J. (2007) DNA marker 
assisted selection for yield and quality traits in Italian ryegrass. 27th Eucarpia Symposium 
on the Improvement of Fodder Crops and Amenity Grasses, August 19-23, 2007, 
Copenhagen, Denmark 
Met poster:  
- Helliot B., Panis B., Locicero A., Reyniers K., Muylle H., Vandewalle M., Michel C., 
Swennen R. and Lepoivre P. (2000) Development of in vitro techniques for elimination of 
virus diseases from Musa. 4th International symposium on in vitro culture and horticulture 
breeding, 2-7 July 2000, Tampere, Finland 
- Panis B., Helliot B., Reyniers K., Locicero A., Vandewalle M., Muylle H., Michel C., Lepoivre 
P. and Swennen R. (2000) Assessment of cryopreservation for cucumber mosaic virus 
(CMV) eradication in banana plantlets. 4th International symposium on in vitro culture and 
horticulture breeding, 2-7 July 2000, Tampere, Finland 
- Vandewalle M., Baert J., De Riek J. and Van Bockstaele E. (2000) Strategy for the 
application of marker-assisted selection procedures in the breeding program of Italian 
ryegrass. 14th Forum for Applied Biotechnology, September 27-28, 2000, Brugge, Belgium 
- Vandewalle M., Calsyn E., Baert J., Van Bockstaele E. and De Riek J. (2002) Strategy for 
the application of marker-assisted selection procedures in the breeding program of Italian 
ryegrass. International Plant, Animal and Microbe Genomes X Conference, January 12-16, 
2002, San Diego, USA.  
- Vandewalle M., Calsyn E., Van Bockstaele E., Baert J. and De Riek J. (2003) DNA marker-
assisted selection in the breeding of Italian ryegrass. Third International Symposium on 
Molecular Breeding of Forage and Turf, May 18-22, 2003, Dallas, USA. 
- Vandewalle M., Baert J., Calsyn E., De Riek J. and Van Bockstaele E. (2003) Analysis of 
digestibility, nitrogen content, water soluble carbohydrates content and yield in Italian 
ryegrass. 12th Symposium of the European Grassland Federation, May 26-28, 2003, 
Pleven, Bulgaria 
- Vandewalle M., Baert J., Calsyn E., Van Bockstaele E. and De Riek J. (2003) DNA marker-
assisted breeding in Italian ryegrass. 12th meeting of the Eucarpia section of biometrics in 
plant breeding, 3-5 September 2003, A. Coruña, Spain 
- Vandewalle M., Calsyn E., Van Bockstaele E., Baert J. and De Riek J. (2003) DNA-markers 
for yield and quality traits in Italian Ryegrass. Czech Journal of Genetics and Plant 
Breeding, Proceedings of the 25th Eucarpia of the Fodder Crops and Amenity Grasses 
Section meeting, 1-4 September 2003, Brno, Czech Republic 
- Vandewalle M. (2005) Construction and comparison of genetic linkage maps of four 
populations of Italian ryegrass (Lolium multiflorum Lam.). Molecular breeding for the genetic 
improvement of forage crops and turf. 4th international symposium on the molecular 
breeding of forage and turf, a satellite workshop of the XX th International Grassland 
Congress, July 2005, Aberystwyth, Wales, UK 
- Vandewalle M., Calsyn E., Baert J., De Riek J. and Van Bockstaele E. (2006) Application of 
marker assisted selection for yield and quality traits in Italian Ryegrass. 26th Eucarpia of the 
Fodder Crops and Amenity Grasses Section meeting, September 3-7, 2006, Perugia, Italy 
- Vandewalle M., Calsyn E., Baert J., Van Bockstaele E. and De Riek J. (2006) Application of 
marker assisted selection for yield and quality traits in Italian Ryegrass. Joined conference 
of the German genetics society and the German society of plant breeding on Plant 
Genetics, September 20-23, 2006, Kiel, Germany 
- Vandewalle M., Calsyn E., Van Bockstaele E., Baert J. and De Riek J. (2007) Improvement 
of the quality of grass-clover mixtures for forage production. 27th Eucarpia Symposium on 
the Improvement of Fodder Crops and Amenity Grasses, August 19-23, 2007, 
Copenhagen, Denmark 
3. Deelname aan vergadering met actieve bijdrage al dan niet in het kader van projecten 
- Meeting European project NIMgrass, IGER, Aberystwyth, UK, 2-3 december 1999  
- Meeting European project NIMgrass, NPZ, Malchow, Duitsland, 22-23 juni 2000 
- Meeting European project NIMgrass, CLO-DvP, Melle, Belgïe, 22-23 januari 2001 
- Meeting European project NIMgrass, Zelder, Banbury, UK, 25-26 juni 2002 
- Meeting European project NIMgrass, CLO-DvP, Melle, Belgïe, 29 november 2002  
- Wetenschappelijk comité, O&O project: Ontwikkeling en toetsing van rekenalgoritmes voor 
merker ondersteunde plantenveredeling voor een duurzame of biologische landbouw, CLO-
DvP, Melle, Belgïe, 24 juni 2002 
- Gebruikerscomité, O&O project: Ontwikkeling en toetsing van rekenalgoritmes voor merker 
ondersteunde plantenveredeling voor een duurzame of biologische landbouw, CLO-DvP, 
Melle, Belgïe, 6 december 2002 
- Gebruikersvergadering van de Labkey software (Doriane) en eindbespreking i.v.m. het 
Eureka project MMPlan, Nice, Frankrijk, 17-20 januari 2005 
- Gebruikerscomissie, IWT project: Verbetering van de Kwaliteit van Gras-Klaver mengsels 
voor ruwvoederwinning, Melle, 29 januari 2007 
- Gebruikerscomissie, IWT project: Verbetering van de Kwaliteit van Gras-Klaver mengsels 
voor ruwvoederwinning, Melle, 14 spetember 2007 
ANDERE ACTIVITEITEN 
1. Begeleiden van scriptie 
- Desmet Lien; 2002-2003: Ontwikkeling en karteren van STS-merkers in Italiaans raaigras 
(Lolium multiflorum). Eindwerk CTL, Gent, 87 p. 
2. Begeleiden van practica 
Faculté Universitaire des Sciences Agronomiques de Gembloux – FUSAGx, vakgroep 
plantenziekten, begeleiding van practica voor eerste, tweede en derde proef bio-ingenieur 
en derde cyclus: 
- Virologie (inoculatie en detectie) 
- Practica rond fungus (herkennen, inoculatie, detectie) 
- Moleculaire technieken voor virus detectie  
- Een week bezoek bij bedrijven en instituten in en rond Montpellier (Frankrijk) 
3. Deelname aan studiedagen  
- Het gebruik van moleculaire merkers voor rasidentificatie bij planten, CLO-DvP, Melle, 
Belgïe, 7 december 2000 
- Colloquium: Grassland in Vlaanderen, CLO-DFE, Gent, 18 september 2002 
- Bedrijfseigen ruwvoeders: economisch en ecologisch bekeken, Agriflanders 2003, Flanders 
expo, Gent, 10 januari 2003 
- Forage routes to increase levels of CLA and omega-3 fatty acids in milk and meat, Dr. 
Richard Dewhurst, FLTBW, Gent, Belgïe, 25 augustus 2004  
4. Opleiding 
- Cursus Grondige studie van de plantenveredeling, Prof. Dr. ir. E. Vanbockstaele, 
academiejaar 2000-2001, RUG 
- Cursus Basic bioinformatica, Prof. dr. Yves Van de Peer, academiejaar 2002-2003, RUG 
- Cursus Molecular techniques in plant breeding, Dr. I. Roldán-Ruiz, academiejaar 2002-
2003, RUG 
 
 
 
 
 
 
